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1.  INTRODUCTION 


This  Optimization  Study  Report  is  submitted  as  deliverable  Item  I  of 

-A''  » 

Aeronautical  Systems  Division  contract  AF  The  report 

establishes  the  specification  and  design  of  a  simplified  Base  Level  Analyzer 
(Lubricant  -  Contamination)  that  is  capable  of  repeatable  high  accuracy  when 
operated  by  Air  Force  personnel  under  ;ill  ipnii'd  service  conditions.  The 

report  includes  a  complete  analysis  of  the  proposed  design,  which  is  supported 
by  data,  graphs,  drawings,  and  illustrations  for  clarification. 

•  V. 

2.  OBJECTIVES  OF  THE  OPTIMIZATION  STUDY  /  ' 

!J 

f* 

The  prime  objectives  of  the  optirni^.ation  study  were  to: 

a.  Establish  the  feasibility  of  meeting  the  detailed  requirements  of  Exhibit 
"A"  AF  33(657)- I  3866  dated  25  May  1964.  The  feasibility  to  be  supported  by 

analytical  and  experimental  data. 

• 

b.  Generate  realistic,  attainable  specifications  for  a  Base  Level  Analyzer 
(that  deviate  by  a  minimum  amount)  from  the  requirements  of  Exhibit  "A". 

c.  Provide  design  information  for  two  (2)  prototype  Base  Level  Analyzers 
capable  of  meeting  the  specifications  generated  under  (b),  the  design  being 
such  that  it  can  advantageously  embody  a  growth  capability  while  being  eco¬ 
nomical  to  produce  in  quantity  lots. 

d.  Establish  a  Reliability  Plan  for  a  total  program. 

e.  Provide  a  Reliability  Prediction  for  the  optimized  design  based  upon  a 

detailed  analysis.  \ 

f  .  Establish  a  Maintainability  Plan  fur  the  total  program. 

g.  Establish  a  Safety  Plan  for  the  total  program. 
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3..  I  General  Discuasion 

This  report  is  best  started  by  stating  the  basic  requirements  of  the 

3a8e  Level  Analyser  system. 

« 

Paraphrased  from  section  3.0  Exhibit  "A”  these  are: 

a.  The  equipment  must  be  capable  of  detecting  contamination  elements  in 
lubricating  oil  in  concentrations  of  between  one  and  500  parts  per  million. 

b.  The  elements  to  be  detected  are:  iron,  lead,  tin,  silver,  copper, 
chromium,  nickel,  silicon,  magnesium,  and  aluminum. 

c.  The  accuracy  and  precision  of  the  instrument  shall  be  such  that  the 
deviation  from  the  true  amount  of  any  element  present  in  a  Standard  Reference 
Specimen  shall  not  exceed  ±  two  parts  per  million  or  10  percent,  whichever 
greater. 

d.  The  design  shall  be  such  that  minimum  training,  calibration  and  main¬ 
tenance  will  be  required  and  that  the  equipment  can  be  operated  by  airmen 

of  the  prescribed  skill  level. 

e.  The  equipment  shall  be  self-supporting  and  readily  transportable  and 
any  recalibration  necessary  shall  be  performed  by  (Air  Force)  maintenance 
personnel. 

f .  The  equipment  shall  be  such  that  it  can  be  readily  maintained  by  Air 
Force  personnel,  i.e.  ,  the  total  maintenance  hours  for  the  equipment  over 
its  operating  life  shall  not  exceed  120  hours. 

g.  The  design  must  be  reliable  and  have  an  MTBF  of  not  less  than  150  hours. 

h.  There  will  be  minimum  safety  hazard  for  operating  personnel, 

1.  The  operating  temperature  range  of  the  equipment  is  32*F  to  130*F. 
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P 

j.  The  analyzer  design  shall  be  such  that  environmental  specification 
MIL-STD-810  Class  III  can  be  met. 

} 

k.  The  design  shall  nneet  the  radio  frequency  interference  specification 
MIL-I-26600. 

^  The  results  of  the  optimization  study  show  that  the  design  that  most 
closely  meets  all  tlie  Base  Level  Analyzer  requirements  is  a  1 -meter 
emission  grating  spectrometer  that  uses  a  constant  digital  reference  tech¬ 
nique,  digital  data  processing,  and  all  solid  state  electronics^ffigures  3-1, 
3-2,  and  3-3). 

Some  unique  features  of  the  design  are: 

* 

a.  All  environmental  conditions  can  be  met. 

b.  Automatic  line  position  adjustment  to  compensate  for  temperature, 
and  humidity  effects  in  the  optical  system. 

c.  Automatic  focus  adjustment  to  compensate  for  linear  expansion 
in  the  optical  head, 

d.  Dark  current  cancellation. 

e.  Manual  control  to  compensate  for  pressure  changes. 

f  .  Double  electrostatic  shielding  around  all  radio  frequency  interference 
generators,  with  the  outside  console  being  a  complete  continuous  shield  with 
gasketing  on  all  removable  parts. 

g.  Hermetic  sealing  of  all  humidity  sensitive  components. 

h.  Thermal  isolation  of  the  complete  optical  system. 

i  .  Capable  of  rapid  alignment. 

»»  - 

«  j  .  Digital  readout. 


3-2 


Fifttr«  3-3.  Ba»«  L«v«l  AaalyM 


OPTICM.  >c«e 


ThCMMI  COMMOi  aaCNTS 


.»»€  rvrm 


-'CIM.vfT  WUlJED 


The  physical  characteristics  of  th^  equipment,  including  the  transit  case 
ready  for  shipment,  figure  6>38,  are: 

Height  71  inches 

Width  72  inches 

Depth  40  inches 

And  the  total  weight  is  993  pounds. 

This  study  was  started  based  upon  the  prernise  that  a  1 -meter  emission 
spectrometer  was  capable  of  meeting  the  design  requirements  of  a  Bese  Level 
Analy/.er.  This  premise  has,  with  a  few  exceptions,  been  fully  substantiated 
and  proven.  The  only  area  where  the  requirements  of  Exhibit  "A”  cannot  be 
met  is  concerned  with  basic  oil  chemistr,  .rid  lack  of  oil  standards  and  is 
completely  independent  of  instrument  technique  or  design.  No  attempt  has 
therefore  been  made  to  consider  other  analysis  techniques  (atomic  absorption, 
etc.  )  or  designs. 

In  relating  this  study  to  the  existing  state  of  the  art,  it  is  perhaps  well  to 
make  a  direct  but  informal  comparison  between  a  commercial  spectrometer 
and  the  specific  Base  Level  Aiialyrer.  A  commercial  emission  spectrometer 
is  a  specialized  instrument  operated  by  j  .(^killed  lechiuctan  in  a  controlled 
environment,  whereas  the  specified  Base  Level  Analyzer  is  a  tool  to  be 
operated  by  semi-skilled  personnel  under  extremes  of  environment  while 
having  equal  or  better  accuracy  than  that  currently  available. 

The  design  of  a  1-meter  spectrometer  for  ^.se  under  standard  commercial 
conditions  (air  ctmditioned  room)  presents  no  major  diificulties,  except  for 
oil  chemistry  limitations,  however,  the  design  of  such  an  instrument  to  meet 
the  specified  shock,  vibration,  radio  frequency  interference,  and  environ¬ 
mental  conditions  presents  major  design  problems 


To  preclude  the  possibility  of  "re-inventing  the  wheel",  a  literature 
search  was  conducted  to  ascertain  what  had  previously  been  accomplished 
with  similar  instruments  under  the  specified  conditions.  The  search  re¬ 
vealed  that  a  design  of  this  nature  had  never  before  beer,  attempted. 

In  the  specification  of  the  equipment,  considerable  emphasis  has  been 
placed  on  accuracy  (repeatability),  not  just  over  a  short  period  (day)  but 
over  extended  periods  (months).  Additionally,  it  is  a  requirement  that  it  be 
possible  to  fabricate  replica  equipments  having  identical  accuracy  character¬ 
istics.  The  submitted  design  will  meet  these  objectives  and  will  make  it  * 
possible  to  measure  an  oi’  sample  t>n  separate  equipments) in  either  Florida 
(hot  and  humid)  or  Colorado  (cold  and  dry)  and  get  identical  results  within 
the  accuracy  limits  specified  thus  providing  the  basis  of  a  well  correlated 
engine  analysis  and  maintenance  program  using  contaminant  trend  analysis 
techniques.  In  addition,  it  opens  up  the  real  possibility  of  oil  standardization 
and  the  establishment  of  oil  contaminant  standards,  neither  of  which  exist 
at  the  present.  It  is  not  inconceivable  to  believe  that  in  the  future  manu¬ 
facturers  of  new  engines  will  be  required  to  provide  contaminant  trend 
analysis  data  as  part  of  final  acceptance  material. 

Once  the  full  impact  of  the  environmental  specifications  had  been  fully 
analyzed  in  terms  of  system  performance,  and  design  criteria  had  been 
established,  the  necessary  control  and  compensations  systems  were  developed 
and  the  design  concluded.  It  is  to  be  noted  tnat  the  subject  design  is  based 
to  the  maximum  amount  possible  upon  techniques  that  have  been  proven  by 
many  years  of  experience  with  com.nercial  instruments.  New  techniques 
have  been  utilized  only  when  significant  improvement  in  system  performance 
can  be  achieved,  where  cost  can  be  reduced,  and  only  when  the  technique 
has  survived  a  rigid  performance  analysis. 
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The  total  design  has  been  the  subject  of  a  complete  reliability  analysis 
and  the  predicted  Mean  Time  Between  Failure  (MTBF)  is  1$  times  better  than 
that  specified,  resulting  in  a  high  degree  of  confidence  both  in  the  ability  of 
the  system  to  perform  and  in  low  maintenance  costs.  In  order  to  summarize 
hn  more  detail  the  salient  point  of  the  study,  the  following  aspects  will  be 
discussed  separately: 

« 

a.  Contaminant  Analysis 

b.  Environmental  Effects 

c.  Reliability,  Maintainability.  Safety 

3.  2  Contaminant  Analysis 

In  considering  the  problem  of  oil  contaminant  analysis  as  related  to  de¬ 
signing  equipment  to  meet  the  requirements  of  Exhibit  "A"  where  it  is  stated 
"that  the  equipment  shall  measure  the  true  amount  of  an  element  contained  in 
a  Standard  Reference  Specimen"  (paragraph  3.  Ea)  it  is  necessary  to  obtain 
answers  to  a  number  of  basic  questions  namely  --  What  is  the  contaminant 
purity  of  a  base  oil  and  to  what  standard  is  it  made?  Are  there  approved 
contaminant  sjtandards  available  and  what  is  their  accuracy?  Is  there  an 
approved  method  for  generating  such  standards?  In  order  to  obtain  the 

ft* 

necessary  answers,  a  survey  was  made  of  Government,  industry,  and  aca¬ 
demic  institutions  with  the  following  results: 

a.  The  contaminant  purity  of  base  oils  (including  medicinal  mineral  oil) 
is  unknown  except  in  a  most  general  manner. 

b.  Oils  are  produced  to  gross  standards  well  outside  the  limits  specified 
for  the  Base  Level  Analyzer. 

C.  There  are  no  nationally  approved  oil  contaminant  standards  in  existence. 

d.  There  is  no  nationally  approved  method  for  producing  such  standards. 


3-8 


1 


In  addition  to  the  survey,  Baird-Atomic  solicited  samples  of  "Standard 

• 

Reference  Specimens"  from  a  number  of  highly  respected  laboratories, 
namely.  Pensacola,  Analysts  Incorporated,  Analyst  of  Puerto  Rico,  and 
Dr.  Ice,  University  of  California.  These  specimens  we^e  analyzed  and  they 
showed  a  complete  lack  of  correlations  between  published  and  measured 
contamination  levels.  Further.  Baird-Atomic  manufactured  many  standards 
to  the  method  outlined  in  National  Bureau  Standard  Monograph  54  and  obtained 
similar  varied  results. 

From  the  above  it  can  only  be  concluded  that,  at  this  time,  it  is  impossible 
to  measure  "the  true  amount  of  an  element  contained  in  a  Standard  Reference 
Specimen".  Baird- Atomic,  therefore,  takes  exception  to  paragraph  3.2a, 
Eichibit  "A". 

It  should  be  noted  that  this  is  the  only  fundamental  exception  in  the  sub¬ 
mitted  design,  all  other  deviations  are  in  limits  and  tolerances,  as  will  be 
explained.  As  an  alternative  to  paragraph  3.2a,  Baird-Atomic  recommends 
that  the  design  be  based  on  a  standard  deviation  about  the  average  value  (for 
ten  analyses  of  a  single  sample)  of  the  specified  contaminants  where  Baird- 
Atomic  will  provide  the  necessary  standards  prepared  according  to  the 
National  Bureau  of  Standards  procedure  using  7808  oil  as  a  base. 

It  is  to  be  noted  that  this  alternate  specification  in  no  way  destroys  the 
accuracy  (repeatability)  requirements  of  the  specification.  Based  on  the 
above  specification  (which  was  discussed  with  Wright  Patterson  Air  Force 
Base  personnel  and  received  verbal  technical  approval),  a  statistical  ana¬ 
lytical  study  and  a  mathematical  system  error  analysis  were  performed  to 
establish  the  feasibility  of  meeting  the  alternate  requirement.  The  statisti¬ 
cal  study  involved  the  production  of  three  groups  of  the  aliquot  specimens 
which  were  analyzed  (on  the  Baird-Atomic  Research  Direct  Reader  Spectro¬ 
graph)  ten  times  per  specimen  for  a  total  of  three  hundred  data  points.  This 


3-9 


data  was  then  processed  on  an  IBM  162C  computer  to  establish  the  standard 
deviation  about  the  average,  resulting  in  the  graphs,  to  be  found  in  appendix 
A  These  graphs  together  with  the  mathematical  error  analysis  and  National 
Bureau  of  Standards  information  are  the  basis  for  the  performance  specifica- 
lions  to  be  found  in  section  5.0. 

Natioml  Bureau  of  Standards  is  referred  to  as  an  authority  that  claims 
that  not  more  than  200  parts  per  million  of  silicon  can  be  placed  in  solution. 

Where  limits  and  tolerances  have  been  redefined  with  respect  to  Exhibit 
"A",  it  will  be  the  aim  of  Baird- Atomic  to  meet  the  original  specification  but 
as  a  design  goal  only. 

3.  3  Environmental  Conditions 

A  detailed  analysis  of  the  effects  of  the  applicable  environmental  condi¬ 
tions  specified  in  both  Exhibit  "A"  and  MIL-STD-810  sheltered  equipment 
showed  that  the  three  environmental  conditions  that  most  effect  the  accuracy 
and  performance  of  the  system,  are  temperature,  pressure,  and  humidity. 

The  portion  of  the  system  that  is  most  severely  affected  by  these  conditions 
is  the  optical  head,  the  heart  of  the  system,  where  each  condition  produces 
both  a  lateral  shift  and  a  dispersion  shift  in  the  optical  path.  In  addition, 
temperature  produces  another  undesirable  effect,  namely  defocusing.  All 
of  these  effects  cause  considerable  system  degradation  and  must  be  qpm- 
pensated  for  if  specified  performance  is  to  be  achieved. 

To  compensate  for  lateral  shifts,  a  closer  ervo  monitor  system 

has  been  included  in  the  design.  This  system  monitors  the  position  of  a 
reference  emission  line,  and  as  this  line  shifts  laterally,  an  error  signal 
is  developed  which  rotates  a  deflector  plate  and  drives  the  reference  line 
back  to  its  correct  position,  hence  correcting  the  entire  spectrum.  Focus 
changes  are  controlled  by  an  open  loop  focus  servo  system  which  alters  the 
optical  pathlength  by  inserting  varying  thicknesses  of  calcium  fluoride  in 
the  path  of  the  emitted  light  where  the  calcium  fluoride  thickness  depends 
on  the  mean  temperature  of  the  optical  head. 
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The  compensation  for  pressure  requires  that  the  grating  be  moved 
0.  003  inch  down  the  mean  dispersion  axis  of  the  optical  system  for  a  change 
in  altitude  of  0  to  10,  000  feet.  Since  it  is  not  necessary  to  adjust  the  position 

t 

of  the  grating  mount  continuously  due  to  ambient  pressure  changes,  this 
system  has  not  been  made  automatic.  Compensation  is  achieved  by  means 
of  a  manual  control  to  which  there  is  ready  access  from  the  side  of  the  con¬ 
sole.  In  addition  to- its* effect  on  the  optical  head  humidity  presents  a  problem 
in  the  main  console  where  it  can  cause  leakage  in  high  impedance  circuits 
(integrator  capacitor)  and  arc  over  in  the  high  voltage  .supply.  These  effects 
have  been  reduced  to  insignificant  levels  by-  the  sinif  le  expedient  of  hermeti¬ 
cally  sealing  all  high  impedance  circuits  and  by  ensuring  that  the  interior  of 
the  equipment  is  operated  at  a  higher  temperature  than  the  incoming  air 
thereby  preventing  condensation.  It  is  to  be  noted  that  no  exceptions  will  be 
taken  to  the  environmental  conditions. 

3 •  4  Reliability.  Maintainability,  Safety 

A  detailed  reliability  analysis  and  subsequent  prediction  for  the’  system 
shows  that  the  MTBF  of  the  system  is  19  times  better  than  that  specified  for 
8.  4  samples  per  hour  and  6.  3  times  better  for  60  samples  per  hour.  The 
reliability  for  60  samples  per  hour  was  calculated  in  order  to  establish  that 
the  system  met  or  exceeded  the  specification  even  if  automatic  electronic 
readout  were  added  to  the  system.  All  reliability  information  has  been  based 
on; 

a.  Published  Reliability  Data 

b.  Failure  Rates  Quoted  by  Suppliers 

c.  MIL  Handbook  217 

d.  Best  Engineering  Estimates 

Since  the  reliability  of  the  system  is  substantially  better  than  that  specified, 
it  is  anticipated  that  there  will  be  no  problem  t'o  meeting  the  maintainability 
goals.  Every  effort  has  been  made  to  build  in  maximum  maintainability,  i.  e.  . 
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test  points,  panel  meters,  and  oscilloscope.  In  addition  all  circuitry 
is  constructed  on  plug  in  printed  board  where  there  is  access  to  all 


4.  SYSTEM  ANALYSIS 


4. 1  General  System  Discuasion 

Thi^  portion  of  the  report  describes  the  functional  operations  which  must 
be  performed  in  an  oil  analysis  system  having  a  direct  readout.  It  also 

s 

outlines  the  methods  that  Baird- Atomic.  Inc.  >  has  chosen  to  instrument 
each  operation.  Reasons  for  some  of  the  more  important  design  decisions 
are  presented. 

In  brief,  the  operation  of  the  Base  Level  Analyser  is  as  follows: 

a.  Excite  the  impurity  atoms  in  the  oil  sample 

b.  Collect,  disperse,  and  measure  the  emitted  radiation  at  selected 
and  representative  wavelengths 

c.  Convert  the  voltage  measure  of  emitted  radiation  to  a  voltage 
measure  of  impurity  concentration 

d.  Convert  the  latter  voltage  to  a  form  suitable  to  the  user 

The  functional  block  diagram  of  the  Base  Level  Anal/aer  is  presented  in 

m 

figure  4-1.  It  shows  the  emission  source,  consisting  of  oil  sample,  analytical 
gap.  and  source  power  supply;  the  optical  head  including  the  fore  optics, 
entrance  slit,  diffraction  grating,  exit  slits,  photodetectors  and  integrators; 
the  data  converter  which  changes  integrated  emitted  light  data  to  impurity 
concentration  data;  and  the  readout  which  presents  the  impurity  concentration 
data  to  the  user  in  convenient  form.  Also  shown  is  the  Analyaer's  hrain,  the 
program  timer,  which  regulates  all  other  functions 

The  spectronnetric  source  is  discussed  in  paragraph  4. 1. 1.  while  paragraph 
4.1.2  deecribee  the  optical  head.  The  basic  data  handling  approach,  using  a 
constant  digital  reference  followed  by  analog  data  conversion  is  explained  in 
iparagraph  4  1.1.  Paragraph  4. 1.4  covers  the  digital  data  readout. 


Fi^-urr^-I,  Base  Leve]  Analyzer,  Functional  Block  Diagra 


4.1.1  Spectromctric  Source 


The  Base  Level  Analyzer  employs  a  s pec trome trie  light  source  consisting 
of  oil  sample,  analytical  gap,  and  source  po^^er  supply.  The  oil  sample 
is  contained  in  a  porcelain  boat  and  is  carried  to  the  analytical  gap  by  the 
losver  electrode,  a  graphite  disk  rotating  through  the  oil  in  the  boat  at  30  rpm. 
Spaced  3  millimeters  from  the  disk  is  the  upper  electrode,  a  l/4-inch  graphite 
rod.  As  the  oil  passes  through  the  gap.  its  impurity  content  is  excited  by  a 
hi^  inductance  a-c  spark,  the  characteristics  of  which  have  been  expei^imeutally 
selected  for  maximum  excitation  of  the  difficult  elements  to  detect,  such  as  lead 
and  tin.  while  avoiding  ignition  or  splashing  of  the  oil.  Burn  times  are  kept 
reasonably  short,  of  the  order  of  ZO  seconds,  and  the  reproducibility  obtained 
is  good. 

A  detailed  discussion  of  the  source  ^d  the  experimental  work  leading  to 
selection  of  the  source  parameters  is  given  in  paragraph  4.Z.Z. 

4.1.2  Base  Level  Analyser  Optical  Head  * 

The  source  energy  is  imaged  on  the  diffraction  grating  by  the  fore  optics, 
a  plano-convex  quartz  lens.  The  lens  parameters  are  chosen  so  that  the  image 
of  tiie  source  is  smaller  than  the  active  area  of  the  grating  and  so  that  the 
entrance  slit  is  well  within  the  illuminated  solid  angle  This  method  of  partially, 
coherent  illuni '.nation  insures  that  minor  optical  misalignments  will  not  affert 
the  detected  signal  level. 

The  diffraction  grating  itsell  has  a  1-meter  radius  and  has  Ibb?  lines  per 
millimeter  (42,400  lines  per  inch).  It  is  mounted  in  a  modified  Laglc mount 
and  gives  6A  per  millimeter  resolution  Spectral  coverage  is  2200  to  4300A 
in  first  order. 

A  1 -meter  grating  has  been  selected  for  the  Base  Level  Analyzer  primarily 
because  it  leads  to  an  Instrument  only  about  one  third  the  size  oi  that  using  the 
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conventional  3-meter  optics  and  hence  is  much  more  convenient.  The  use 
of  the  smaller  optics  is  possible  primarily  because  the  oil  analysis  problem 
presents  a  simpler  and  less  crowded  spectrum  than  is  encountered  in  iron 
and  steel  analyses  where  3-meter  instruments  are  conventional-  The  simpler 
oil  analysis  spectrum  can  easily  be  handled  with  linear  resolution  at  the  focal 
curve  of  6A  per  millimeter  and  the  increased  resolution  of  a  longer  focal  length 
instrument  is  not  required. 

The  actual  resolution  of  the  Base  Level  Analyzer  has  been  determined  from 
photogjraphic  and  other  data  to  be  0.  4A  (paragraph  4.  2.4).  This  resolution 
requirement  is  exceeded  by  the  Analyzer  which,  with  a  .SO-micron  entrance 
slit  and  25-micrun  exit  slit,  has  calculated  resolution  of  0.  225A.  Again  the 
widely  different  choice  of  widths  for  entrance  and  exit  slits  gives  some  im¬ 
munity  to  changes  in  optical  alignment. 

The  exit  slits  are  14  in  number.  10  being  25  micron  slits  for  the  10  elements 
being  analyzed,  one  25  micron  slit  fur  the  tilt-normal,  two  special  1000  micron 
slits  for  the  optical  alignment  servo  and  a  200  micron  slit  for  the  reference 
line  These  slits  are  arranged  on  a  segment  i>l  the  Rowland  circle  and  are 
alt  backed  by  1F28  photomultiplier  tubes. 

The  optical  head  also  includes  the  integratinig  capacitors  charged  by  the 
phoioiTtullipliers  plus  switching  relays  a'-soriated  with  th«  capatiiors.  These 
electronics  have  been  made  part  of  the  optical  he  id  in  order  to  better  ontrul 
the  surrounding  environment  and  to  keep  the  low  level  signal  connections  short. 

The  reference  line  chosen  for  the  Base  Level  Analyzer  is  background  at 
5897A.  The  200-micron  slit  represents  0.  75A  .it  this  wavelength  and  t  ontains 
no  interferences.  More  than  half  of  the  total  background  light  at  this  wavelength 
comes  directly  from  the  oil  itself,  rather  than  ironi  the  graphite  electrodes. 
Hence,  the  chosen  reference  is  a  gtK>d  measure  ot  the  amount  ot  oil  carried  to 
the  electrodes.  Its  purpose  is  discussed  in  paragraph  4.  I.  3 


In  addition  to  the  basic  optics  so  far  described,  there  are  several  control 
devices  and  monitoring  devices  in  the  optical  head  which  have  been  included 
to  allow  the' instrument  to  function  properly  throughout  the  wide  range  of 
environmental  co’nditions  specified.  These  control  devices  are  the  optical 
alignment  servo,  the  grating  pressure  correction  adjustment,  the  focus 
servo,  the  tilt-normal  mechanism,  and  photomultiplier  dark  current  cancel¬ 
lation. 

Of  all  the  environmental  conditions  specified,  the  effect  of  atmospheric 
pressure  is  moat  severe.  Pressure  variations  change  the  density  and  hence 
the  refractive  index  of  air.  The  result  is  a  lateral  shift  of  the  spectrum,  the 
magnitude  of  which  depends  on  wavelength.  A  total  shift  of  a  spectral  line 
at  the  focal  curve  of  as  much  as  50  microns  is  possible.  This  shift  must  be 
corrected  and  an  optical  alignment  servo  is  provided  for  this  purpose.  The 
servo  operates*only  when  the  instrument  is  not  analyzing  oil  and  accurately 
aligns  the  3126A  line  of  mercury,  obtained  from  an  auxiliary  mercury  lamp 
source,  with  its  exit  slit.  An  alignment  correction  of  *  iOU  microns  is  pro¬ 
vided  by  a  tilting  calcium  fluoride  plate  at  the  entrance  slit. 

Since  -tl26A  is  near  the  center  of  the  spectral  coverage,  little  error  uccurs 
near  the  center  of  the  spectrum.  However,  since  the  pres.sure  induced  shifts 
are  wavelength  dependent,  a  large  dispersion  change  also  occurs  and  this 
is  not  corrected  by  the  alignment  servo.  Consequently,  the  grating  is  made 
to  move  along  a  line  through  its  center  and  the  center  of  the  focal  curve. 

The  correct  dispersion  adjustment  is  made  manually  by  the  operator  in 
accordance  with  average  stmospheric  pressure  at  hi»  Incatioit 

Temperature,  humidity,  and  carbon  dioxide  cuncent ration  changes  also 
affect  the  refraction  index  of  th-'*  air.  but  to  a  lesser  extent  than  pressure 
changes.  Their  dispersion  errors  are  negligible  and  no  compensation  is 
needed.  Temperature  changes,  however,  also  affect  the  grating  spacing  and 
the  size  of  the  optical  supporting  structure.  Hie  grating  spacing  changes  lend 


to  compensate  the  refractive  index  changes  in  the  air  and  consequently  are 
beneficial.  Structural  changes  do  nut  affect  the  angular  alignment  provided 
one  material  is  used  throughout  and  it  is  maintained  at  a  uniform  temperature. 
Serious  foi-us  changes,  houever.  do  occur  as  the  structural  dimensions  change. 
Correct  focus  must  be  maintained  in  order  to  avoid  output  errors  and  a  servo 
is  provided  for  this  purpose.  The  focus  servo  inserts  a  variable  thickness  of 
calcium  fluoride  in  the  optical  path,  the  thickness  inserted  being  a  function  of 
tempe  rature. 

In  order  to  monitor  the  performance  oi  the  optical  alignment  servo  and  to 
cheeje  optical  alignment  generally,  a  till-normal  mechanism  is  provided.  This 
mechanism  adjusts  the  tilt  angle  of  a  quarts  plate  in  front  .if  the  exit  slit  for 
the  3650A  hue  of  mercury.  Twv>  positions  are  provided:  normal  incidence  and 
a  tilted  angle  of  incidence.  The  ratio  ot  the  il>50A  photomultiplier  output  is 
the  normal  position  to  that  in  a  tilt  position  is  a  knoun  value  vihi>'h  is  indicative 
of  the  alignment  of  the  3b*iOA  hue  with  its  slit.  Any  rnis 'ihgnn.enl  of  the  spectral 
line  decreases  the  tilt'norin.il  ratio. 

The  tinal  error  corrtutmg  ■5‘,.«tein  vchich  is  iiKluded  in  the  «vttt  al  head  of 
the  Base  hovel  .Analy.'oi*  is  j.>r  |di'iloinultiph>‘r  dark  curioru  c m.  o»!.n iui». 

D.»rk  current  can  .:jir*>Uuio  a  sigmtu  mt  error  in  trie  rrad<>ut.  ospet  lally  at 
the  higher  operating  •einporatures,  jsime  phot  •multiplier  dark  cui  rent  increases 
rapidly  u ith  temperature.  The  canivU.'tiun  system  aliernaiety  shutters  the 
source  and  reverses  the  integrating  capacitor  nolanites  so  that  the  net  integral 
OI  dark  current  i«  j^ero  c^htlo  the  Siuirce  produc  ed  c  nr  rent  !nt*'gr.il  is  unaffected. 

^  *  Data  Convemon 

The  optical  head  of  th**  Base  latvel  Analy/.rr  has  10  signal  .md  >>er  roterence 
outputs.  These  oulp'.ts  are  the  vop..»ges  acmmulated  Ui  integ.ating  capacitors 
at  l  ie  end  ol  the  source  burn  and  are  •  iti«  (i-malty  related,  through  what  is 
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known  as  the  working  curve,  to  the  concentrations  of  the  various  elements 
in  the  sample.  A  data  conversion  procedure  is  requijed  o  cansform  the 


t 

capacitor  voltages  to  values  proportional  to  concentration. 

.  The  first  step  in  the  conversion  is  the  selection  oi.  a  method  of  controlling 

the  length  of  the  source  burn  time.  Two  procedures  are  commonly  employed, 

* 

constant  time  and  fixed  reference.  The  latter  will  be  employed  in  the  Base 

Level  Analyzer.  In  the  fixed  reference  method,  the  reference  capacitor 

% 

voltage  is  converted  to  a  digital  number  and  is  compared  to  a  fixed  digital 
reference.  When  the  digital  reference  is  exceeded,  the  source  is  shuttered. 
In  effect,  th.i  reference  voltage  is  normalized  and  does  not  appear  in  the 
nonlinear  working  curx'e  function.  Therefore,  a  nonlinear  amplifier  can  be 
used  for  the  conversion  process,  its  gain  characteristic  having  the  same 
form  as  the  working  curve. 

Some  of  the  advantages  of  the  constant  digital  threshold  approach  stem 
from  the  fact  that  it  is  the  ratio  of  unknown  to  reference  voltage  which  is 
important.  All  system  variations  which  produce  the  same  percentage 
variation  in  both  unknown  and  reference  channels  cancel  out  of  the  final 
result.  A  typical  example  is  the  variation  of  the  capacitance  of  the  inte¬ 
grators  with  temperature.  If  the  temperature  coefficients  of  reference  and 
unknown  capacitors  are  identical,  no  error  will  result  from  a  temperature 
shift.  This  is  not  true  of  the  constant  burn  time  approach. 

A  major  advantage  of  the  constant  digital  threshold  data  conversion 
method  is  the  possibility  of  using  analog,  rather  than  digital,  conversion 
techniques.  The  Baird-Dow  technique,  a  constant  burn  time  method,  uses 
the  time  required  to  discharge  the  reference  capacitor  voltage  to  the  impurity 
capacitor  voltage  <is  a  logarithmic  measure  of  the  ratio  of  the  impurity 
voltage  to  reference  voltage.  Although  tirnos  can  easily  be  measured  with 
great  accuracy  in  digital  form,  this  method  is  not  convenient  because  of  the 
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complexity  of  a  digital  working  curve  conversion.  A  digital  computer  and 
memory  are  required  where  only  a  single  operational  amplifier  suffices 
with  a  constant  digital  reference. i  In  addition  the  accuracy  of  the  logarithmic 

I 

Baird-Dow  system  is  poor  when  the  discharge  times  become  long  {low 
impurity  voltages). 

T<5  sum  up  the  advantages  of  the  constant  digital  reference  approach:  the  error 
cancelling  abilities  of  an  unknown-tO'reference  voltage  ratio  measurement 
are  combined  witli  the  ability  to  use  a  simple  analog  working  curve  conversion. 

4.1.4  Readout 

Following  the  analysis  of  a  sample,  the  data  obtained  is  stored  in  analog 
form  on  the  integrating  capacitors.  Under  the  control  of  the  program  timer 
each  capacitor  voltage  is  then  sampled  and  converted,  using  a  nonlinear 
amplifier  incorporating  the  working  curve,  to  a  voltage  directly  proportional 
fo  impurity  concentration.  The  voltages  at  the  output  of  the  nonlinear  amplifier 
are  connected  sequentially  to  an  analog- lo-digital  converter,  the  same  con¬ 
verter  used  initially  to  establish  the  constant  digital  reference,  and  changed 

kr 

to  digit?!  format.  Each  digital  number  is  stored  in  a  separate  9-bit  register. 

The  complete  operation,  including  analog  sampling,  analog-to-digital  con¬ 
version,  and  digital  storage,  requires  only  100  milliseconds  for  10  channels 
aiid  is  completely  automatic  so  that  the  leakage  of  the  integrating  capacitors 
is  negligible. 

The  operator  is  free  to  interrogate  any  or  all  of  the  digital  storage 
registers  at  will  immediately  following  the  completion  of  the  sample  burn  by 
pushing  the  proper  buttons  on  the  control  console  The  concentration  of  any 
one  of  the  ten  impurity  elements  may  be  displayed  in  decimal  form  on  three 
Nixie  tubes.  Because  of  the  digital  nature  of  the  data  storage  at  this  point 
there  is  no  danger  of  error  from  variations  in  readout  technique  or  timing 
and  the  same  element  concentration  may  be  repeatedly  read  out  without  error. 
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As  there  was  no  available  performance  information  on  an  instrument 
similar  to  the  Base  Level  Analyser,  it  was  necessary  to  establish  the 
answers  Co  a  number  of  basic  questions  before  the  design  could  be  satis- 
factorily  concluded.  An  experimental  program  was  therefore  initiated  to 
obtain  the  necessary  data.  The  data  required,  involved  the  optimization  of 

a.  Emission  Lines  for  Each  Specified  Element 

b.  Source  Conditions 

c.  Reference  Emission  Line 

d.  Entrance/Exit  Slit  Dimensions 

In  addition,  information  was  required  on  the  quality  of  available  standard, 
and  the  performance  of  an  instrument  under  the  environmental  conditions 
specified.  * 

The  Baird-Atomic  Emission  Instrumentation  Laboratory  wag  therefore 
used  to  simulate  the  known  parameters  of  the  Base  Level  Analyzer  and  to 

arrive  at  some  of  the  missing  parameters  of  the  design. 

• 

The  instrument,  chosen  to  carry  out  the  investigative  task,  was  the  Baird- 
Atomic  Research  Direct  Reading  Spectrograph  (RDRS).  This  instrument  is  a 
basic  3-meter  modified  "Eagle"  mount  to  which  direct  reading  capabilities 
have  been  added. '  The  20-inch  photographic  camera  was  replaced  with  a 
direct  reading  head  which  can  accommodate  up  to  16  photomultipliers.  The 
greatest  advantage  of  the  instrument  is  the  rapidity  with  which  slits  can  be 
set  (utilizing  an  electronic  slit  setting  device).  The  RDRS  is,  therefore, 
ideally  suited  to  the  particular  problem.  In  conjunction  with  the  RDRS,  a 
Baird- Atomic  NB-1  Spectrosource  was  used.  This  is  probably  the  most  versatile 
source  available,  having  four  excitation  modes  with  an  infinite  number  of  variable 
parameters  available. 
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The  particular  grating  chosen  for  the  experiment  was  a  IS-thousand- 
line-per-inch  pyrex  grating  blazed  for  5500A  first  order.  In  order  to 
approximate  the  6A-per-millimeter  dispersion  of  the  Base  Level  Analyzer, 
this  grating  was  employed  in  the  first  order  at  a  mean  dispersion  of  5.  56A 
per  millimeter.  This  presented  a  problem  in  that  the  •blaze  .angle  of  this 
grating  is  far  from  ideal  for  this  particular  application  especially  at  the 
lower  wavelengths  where  lead,  the  most  difficult  element  to  analyze  is 
located.  ‘A  grating  with  a  3200A  first  order  blaze  would  be  much  more, 
efficient. 

The  RDRS  is  susceptible  to  temperature  changes  of  the  order  of  A5"F, 
especially  with  the  small  50  microns  to  25  microns  ratio  of  the  slits.  The 
Emission  Instrumentation  Laboratory,  is  not  temperature  controllec^  and 
during  the  statistical  analysis  runs  which  took  place  over  a  period  of  three 
days,  there  were  noticeable  temperature  effects  on  the  samples. 

Additionally,  the  slits  that  were  used  on  the  RDRS  were  not  all  at  the 
correct  angle  (the  entering  light  normal  to  the  slit  face).  As  a  result,  there 
was  scattered  light  which  presented  both  apnsitivity  and  reproducibility  effects. 

The  capacitors  chosen  to  store  the  charge  were  the  normal  1.0  microfarad 
for  the  reference  and  0.  1  microfarad  for  all  the  unknowns.  Due  to  the  great 
sensitivity  of  magnesiuni  the  spread  of  clock  divis ions  for  the  range  of  concen¬ 
trations  was  over  HO,  which  is  beyond  the  accurate  reading  limits  of  the 
Baird- Dow  RC  discharge.  As  a  result,  readings  below  5  parts  per  million 
of  magnesium  were  impossible  and  some  of  the  lower  values  of  other  elements 
(for  example  copper)  were  susceptible  to  poor  precision  due  to  the  nature  of 
the  RC  logarithmic  readout. 
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4.2.2  Reference  Line  Determination 


The  reference  line  chosen  must  be  one  that  is  free  of  extraneous  in¬ 
fluences  and  ydt  is  representative  of  the  oil  sample  investigated. 

Several  possible  selections  presented  themselves  and  each  in  turn  was 
evaluated.  The  first  lines  to  be  investigated  were  two  hydrogen  lines  which 
through  possible  breakdown  of  the  oil  might  be  excited  into  emission.  After 
both  photographic  and  photoelectric  study,  it  was  determined  that  with  the 
source  conditions  employed  neither  the  H  4861  A  or  the  H  4340  A  line  were 
being  excited.  Use  of  the  H  4861  A  would  have  been  doubtful  primarily  due 
to  focal  curve  physical  limitations. 

The  next  element  to  be  investigated  as  a  suitable  reference  was  carbon 
which  can  be  excited  in  sparking  of  the  oil.  However  since  carbon  electrodes 
were  employed  in  the  analysis,  it  was  anticipated  that  there  would  be  con¬ 
siderable  contribution  from  the  electrodes.  To  estimate  the  amount  of 
carbon  excitation  actually  coming  from  the  oil,  the  carbon  electrodes  were 
replaced  by  a  copper  disk  and  counter  electrode.  Using  these  electrodes, 
there  was  some  difference  in  the  sample  excitation  due  to  the  differing 
electrical  properties  of  the  two  substances,  but  by  neglecting  these  small 
differences  it  was  a.scerlained  that  there  was  approximately  10  percent 
contribution  to  the  carbon  line  from  the  oil  itself.  This  was  considered  too 
small  a  contribution  to  render  it  useful  as  a  reference  line.  Another  carbon 
line  at  2296  A  was  evaluated.  But  l-’s  C  III  line,  due  to  its  high  excitation 
potential,  did  not  lend  itself  to  use  as  a  reference. 

The  next  area  of  reference  that  presented  itself  was  the  amazing  re¬ 
producibility  of  the  background  in  certain  regions  of  the  spectrum  regardless 
of  what  type  oil  was  analyzed.  With  this  observation  a  search  was  made  of 
photographic  plates,  spectral  charts,  and  tables  to  see  if  an  area  within  the 
spectral  coverage  of  the  system  could  be  found  that  was  free  of  element  inter - 
.ference.  One  region  which  satisfied  the  above  requirements  was  in  the 
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vicinity  of  ^897  A.  In  this  region  there  are  no  element  interferences 
and  there  is  a  good  light  level.  However,  there  is  also  some  weak  cyanogen 
band  structure  which  is  due  to  the  electrodes.  By  running  the  electrodes 
without  oil,  it  was  determined  that  60  percent  of  the  background  plus  cyanogen 
structure  was  coming  directly  from  the  oil  itself.  This  is  a  much  greater 
contribution  by  the  oil  to  the  reference  line  than  all  other  lines  exarhined. 

Total  light  and  central  image  were  also  evaluated  but  BKD  3897  A  was 
found  to  be  superior  in  all  cases  and  was  therefore  selected  as  the  reference. 

4.2.3  Element  Line  Selection 

The  major  task  in  the  element  line  selection  is  to  choose  the  most 
sensitive  analytical  line  that  is  free  of  interference,  and  falls  within  the 
physical  limitations  of  focal  curve  end  slit  sizes.  Most  of  the  lines  chosen 
arc  well  documented  in  previous  Baird- Atomic  instruments;  but,  due  to  a 
difference  in  dispersion  between  the  Base  Level  Analyzer  and  other  Baird- 
Atomic  spectrometers,  it  was  necessary  to  carry  out  a  literature  search 
to  verify  tlie  data  found  with  actual  curves 

Oil  spei.fra  were  photographed  first  to  verity  the  freedom  of  interfering 
lines,  since  the  oil  spectrum  is  quite  simple  and  informative. 

In  order  to  optimize  the  light  output,  several  lines  were  investigated  for 
so’nie  elements,  the  most  notable  being  lea«l  and  tin  Figure  4-2  shows  a 
study  of  the  three  efifferent  lead  lines,  before  lead  2203  A  was  finally  chosen. 
Also  an  evaluation  of  two  tin  lines  is  sh»>vvu  in  tigure  4-  i.  Thr»'e  lines 
(copper  above  200  parts  per  million,  silver  above  l^U  p;irts  per  milhun, 
and  magnesium  above  200  p.irts  per  million)  show  reversal,  tJiig  ig  a  natural 
phenomena  and  does  occur  in  all  instruments. 

The  following  lines,  therefore,  represent  the  best  compromise  when  all 
the  factors  mentioned  above  are  considered  and  they  ar*'  adequate  to  perfprm 
the  task  requested  of  them 
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^  Magnesium 
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Mercury 

3650  A  (master  monitor) 

<v'. 

Tin 

2839  A 

Background 

3895  A  (ref) 

Silicon 

2881  A 

Aluminum 

3961  A 

.... 

Mercury 

3126  A  (servo) 

Chromium 

4254  A 

e'  ■ 

Copper 

3274  A 

4.2.4  Entrance/Exit  Slit  Determination 

The  prime  factors  that  govern  both  extrance  and  exit  slit  sizes  are  closely 
allied  to  those  of  element  line  selection  as  well  as  the  optical  components 
chosen.  The  resolution  must  be  sufficient  to  resolve  the  clement  lines  from 
all  line  interferences.  The  resolution  necessary  was  determined  to  be  O.-l  A. 
Since  the  dispersion  of  the  Base  Level  Analyzer  is  6  A  per  millimeter,  optimum 
slit  width  may  be  calculated  from  the  following. 


resolution  =  — 


entrance  width  ♦  exit  wioih  , 

- - -»■  .1  - - — - X  dispersion 


resolution 


SO  •  <iS  M 


X  b  A-  mm 


resolution  s  0.22SA 

Dae  to  line  broadening,  the  actual  resolution  is  probably  closer  to  U  .1  A. 
sufficient  to  resolve  the  chosen  element  lines. 

The  combination  of  entrance  and  exit  slit  widths  may  be  seen  to  be  a 
constant.  The  entrance  and  exit  slit  widths  can  never  be  the  same,  other- 
',^tse  there  would  be  no  room  for  any  spectrum  line  movement  Any  slight 
«hift  in  spectrum  position  would  result  in  different  data 
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A  question  now  arises  as  to  whether  the  entrance  or  exit  slit 
should  be  the  larger.  F  *he  exit  slit  is  chosen  to  be  the  smaller,  it  is 
possible  to  look  at  only  uie  central  portion  of  a  50-micron  spectrum  line 
with  the  Z5-micron  exit  slit  and  therefore  eliminating  the  background 
associated  with  the  spectrum  line.  This  gives  the  maximum  signaNto- 
noise  ratio  and  therefore  the  greatest  sensitivity.  The  use  of  a  wider  exit 
than  entrance  slit  was  evaluated  on  lead  4057  A  as  depicted  in  figure  4-4< 

The  loss  in  sensitivity  is  due  mainly  to  background  since  no  line  interference 
is  present  within  the  calculated  resolution  of  the  50-micron  and  150-micron 

t 

combination. 

Going  to  a  narrower  exit  slit  could  result  in  a  problem  of  the  light  level 
becoming  too  low  for  efficient  op«*ration  of  th»'  system.  ith  a  50- 
micron  entrance  slit  and  a  i!5-micron  exit  slit  combinvttion  there  is  sufficient 
light  level  and  adequate  resolution.  These  slit  combinations  were  used  on 
the  RDRS  evaluation  and  the  analytical  results  support  this  selection. 

The  width  of  the  reference  slit  on  background  3M97  A  is  ^00  microns. 

Hy  use  of  previous  equations  Uie  resolution  is  found  to  be  0  75  A  There 
<ire  no  into rference.N  present  within  this  urea.  This  was  confirmed  by 
:iioiulori!tg  the  reference  line  on  all  sample  evaluations.  The  larger  width 
of  the  reference  slit  i.n  necessary  to  get  the  best  sampling  possible  and  to 
iiave  as  little  varialion  a.H  possible  with  different  samples. 

Two  nU.er  nlits  wfiich  are  involved  only  with  optical  alignment,  and  not 
with  the  analytical  data,  are  a  special  offset  mercury  slit  for  uie  in  the 
.lulomatit  servo  system  and  a  25-mirron  regular  slit  to  be  used  for  the 
I, i t  -  nurinal  system 

•1.2.5  Optimum  Source  Conditions 

Under  source  conditions.  Uie  analytical  liming  sequence,  the  electrical 
parameters  and  the  physical  spacing  will  be  discussed 
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The  prime  aim  in  this  area  is  to  establish  the  most  sensitive  source 
embodying  the  necessary  accuracy.  As  sensitivity  is  increased  there  is  a 
loss  accuracy.  A  high  inductance  a-c  spark  was  chosen  as  the  most 
efficient  source.  The  spark  lias  the  following  parameters: 

4.0  RF  amperes  5  breaks  per  half  cycle 

0.005  microfarad  capacitance  400  microhenries  inductance 
3-millimeter  analytical  gap  30  rpm  rotating  disk 

160-degree  l/'4-inch  graphite  h-4072  disk  electrode 

electrode 

8-secotid  preburn  Zl-second  expusure 

The  addition  of  secondary  inductance  lessens  the  air  lines  in  the  spark 
and  as  a  result  increases  sensitivity,  especially  for  lead  and  tin.  ithout 
inductance  it  is  impossible  tv>  read  below  100  parts  per  million  for  lead 
and  tin 

A  rotatltig  electrode  speed  of  30  rpm  was  chosen,  since  with  this  speed 
there  was  a  large  and  hence  mure  representative  sampling.  A  upeed  in 
excess  of  this  would  tend  to  spatter  the  oil  too  much. 

The  counter  electrode  is  a  standard  purity  1/4-inch  graphite  rod 
(National  AGKS)  shaped  with  a  160*  included  angle  (ASTM  C-41.  High  purity 
counter  electrodes  such  as  National  I.- 3^57  were  tried  and  no  increase  in 
sensitivity  or  curve  shiflf  resullrd  Th%'  disk  electrode  is  a  National  L-407^ 
AGKSP  grade 

The  prelrirn  and  exposure  times  were  als«*  determined  after  much 
investigation  The  preburn  lime  of  eight  seconds  is  Svifiicient  to  precondition 
the  sample  and  stebiltxe  the  discharge  Preburn  times  of  up  to  45  seconds 
were  timed  with  no  improvement  in  cither  precision  or  detectability  The 
21 -second  exposure  period  wss  found  to  be  the  time  after  which  there  was 


no  improvemenl  in  analytical  resulta.  Light  is  actually  only  integrated  for 
one-half  this  time  due  to  a  dark-cur I'ent  correction  system.  Exposure 
times  of  up  to  60  seconds  have  been  tried,  and  the  only  results  are  reduced 
load  capability  and  the  possibility  of  the  oil  flashing.  . 

The  oil  to  be  sampled  is  held  tn  a  no.  Z  Coors  porcelain  boat.  The  boats 
are  free  of  contamination,  are  easily  cleansed  for  reuse,  and  require  a 
minimum  amount  of  oil  for  an  analysis. 

Another  source  condition  tried  was  the  low. voltage  rectified  arc.  On 
most  analytical  runs  the  flash  point  of  the  oil  was  surpassed  and  a  fire 
resulted  in  the  boat. 

4.2.6  Oil  Standard  Prepar<  ion 

The  key  to  the  entire  ml  contaminant  analysis  prog,  am  lies  in  the 
preparation  of  reliable  standar 's  The  spectrometer  is  nolning  more 
than  a  good  comparator  and  is  only  as  good  as  the  data  fed  into  it,  namely 
reliable  standards 

An  immeciiaie  question  that  can  be  asked  is;  are  there  such  things  as 
true  or  absolute  standard?  Many  people  have  tried  to  arrive  at  such 
standards,  but  .ns  yet  theiu-  have  only  been  close  approximations.  It  was 
the  function  of  an  ASTM  study  group  to  try  and  arrive  at  an  absolute  standard, 
using  Standard  of  Indiana.  (LF-I954)  base  oil.  They  produced  standards 
with  errors  from  the  "true"  amount  of  up  to  43  percent.  The  problem  of  an 
absolute  standard  is  therefore  very  real. 

This  was  further  accentuated  when  oil  standards  from  Naval  Air  Station, 
Pensacola,  Florida,  McDill  Air  Force  Base,  Tampa,  Florida;  Analysts  of 
Puerto  Rico.  San  Juan,  Puerto  Rico,  Analy.sls  Inc.  >  Torrance,  California; 
Professor  Ice,  Belmont,  California;  and  those  prepared  by  Baird-Atomic 
were  run  in  a  test  program.  There  were  concentrations  within  one  set  of 
standards  that  differed  by  30  parts  per  million  and  standards  among  different 
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laboratories  that  differed  by  over  IZO  parts  per  million.  Some  standards 
were  more  reproducible  than  others,  with  the  ones  showing  the  best  precision 
also  plotting  the  most  linear  curve.  One  set  of  standards  which  were  over 
two  years  old  had  silver  plated  out  on  the  bottle  which  points  out  one  of  the 
stability  problems. 

The  standards  prepared  by  Baird- Atomic  follow  very  closely  the  method 
outlined  in  National  Bureau  of  Standards  Monograph  54.  This  report  gives 
in  detail  how  the  National  Bureau  of  Standards  or gano-metallic  salts  were 
made  and  how  with  proper  solubilizing  compounds  stable  additions  in  lubricating, 
oils  can  be  formulated.  The  National  Bureau  of  Standards  does  state  that 
silicon  above  200  parts  per  million  is  doubtful  and  also  that  these  solutions 
"are  stable  for  several  weeks".  Whether  or  not  these  standards  are  compatible 
with  the  various  additives  that  may  be  in  the  oils  to  be  analyzed  is  another 
unanswered  question.  The  Bailed- Atomic  standards  were  prepared  for  tlie 
ten  elements  of  interest  with  the  exception  of  silicon  in  the  concentrations 
of  500.  400.  300,  200,  100.  50.  20,  10,  5,  1  and  the  ba.se  oil.  Silicon  had 
a  maximum  concentration  of  200  parts  per  million  and  was  diluted  in  the 
same  proportion.  As  of  the  date  of  this  report,  the  standards  are  clear 
and  homogeneous  and  give  good  repeatability.  A  continuing  check  of  their 
stability  will  be  made. 

The  first  attempt  at  preparing  Baird- Atomic  standards,  (while  solubilizing 
compounds  were  or  order)  was  to  add  the  organo- metallics  to  the  selected 
7808  base  directly,  and  blending  the  additions  lo’"  24  hours  in  a  blender.  After 
a  period  of  three  days,  salts  started  to  precipitate  out  and  precision  studies 
were  poor.  Upon  the  receipt  of  solubilizing  agents  the  procedure  outlined  in 
National  Bureau  of  Standards  Monograph  54  was  followed  with  excellent  results. 
One  note  of  interest  was  that  the  lead  curves  plotted  with  the  first  7  808  standard 
and  the  new  7808  standards  with  solubilizers  were  identical. 


The  lour  basic  oil  types  with  which  tliis  study  are  concerned  were 
procured  (7808  from  Mobil)  and  the  Z3699,  1065,  and  1100  from  Esso.  The 
two  reciprocating  types  (1065  and  1100)  per  unit  ourn  time  (due  to  their 

t 

greater  viscosity)  gave  about  10%  more  reference  light,  but  also  each  of 
the  unknown  was  also  receiving  more  light  by  an  equal  factor. 

The  end  result  is  that  all  four  base  oils  gave  results  within  one  part  per 
million.  This  is  to  be  expected  from  the  very  nature  of  the  spectrographic 
internal  standard  method. 

4.2.7  Statistical  Analysis 

In  order  to  establish  and  identify  some  of  the  variables  contributing  to 
the  overall  system  performance,  and  to  obtain  "real"  accuracy  data  a 
statistical  analysis  was  performed. 

A  set  of  three  scries  of  standards  labeled  A,  B,  and  C  were  formulated 
with  concentrations  of  500.  400,  300.  200.  100,  50,  20,  10,5,1  and  0  parts 
per  million  present.  using  a  7808  base  oil  and  to  the  procedure  outlined  in 
National  Bureau  of  Standards  Monograph  54.  By  successive  dilutions  of  the 
500-parts  per  million  standards  all  other  values  were  obtained  It  is  to  be 
noted  that  the  500-  and  0-parts  per  million  standards  though  labeled  A,  B, 
and  C  are  one  and  the  same  oil.  This  is  especially  noteworthy  when  one 
takes  a  critical  look  at  the  data  in  appendix  A.  With  a  few  minor  exceptions 
which  can  be  attributed  more  to  the  instrument  than  to  the  standards,  the 
spread  of  voltages  is  as  great  for  these  two  values  as  it  is  fur  the  formulated 
standards . 

The  curves  w'ere  arrived  at  by  normalizing  the  values  from  the  Baird 
logarithmic  readout  to  a  predetermined  reference  voltage  which  is  the 
principle  under  which  the  Base  Level  Analyzer  will  operate.  The  middle 
curve  represents  a  plot  of  the  mean  value  determined  from  seven  runs  which 
were  made  over  a  period  of  three  days.  The  two  outer  curves  repre.scnt  the 

* 
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deviation  from  the  mean.  An  enlarged  plot  is  at  the  right  to  show  the  same 
curves  in  the  critical  0  to  20  parts  per  million  range.  By  choosing  one 
voltage  one  is  able  to  read  three  values  of  the  concentration  in  parts  per 
million  and  hence  can  get  a  feel  for  the  accuracy  of  the  equipment  under 
the  conditions  elaborated  upon  in  paragraph  4.2.1. 

By  overlaying  the  three  series  of  standards  one  is  able  to  compare  the 
accuracy  of  one  standard  to  another.  It  will  be  noted  that  for  aluminum 
Baird- Atomic  has  but  standards  B  and  C  and  only  up  to  a  maximum  con- 
ceritration  of  400  parts  per  million.  This  was  a  result  of  an  instrument 
problem  associated  only  with  aluminum  which  could  not  be  corrected  until 
after  the  statistical  analysis  had  been  run.  A  rerun  of  aluminum  was  made 
but  due  to  depleted  samples,  all  the  values  were  not  available.  This 
statistical  analysis  consisted  of  330  burns  and  provides  a  reasonable 
statistical  profile  of  Base  Level  Analvaer  performance. 
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4.  3  Optical  Analysis 

The  optical  system  for  the  Baird- Atomic  Base  Level  Analyzer  is  capable  of 
performance  which  is  well  within  the  limits  necessary  to  meet  the  specification 
reqairements.  The  quality  of  the  slit  images  at  the  exit  slit  curve  on  the  Rowland 
circle  is  influenced  by  two  factors: 

a.  Diffraction 

b.  Grating  Resolution 

4.3.1  Diffraction  Resolution 

The  diameter  of  the  minimum  spot  size  in  the  image  of  a  point  can  be  cal¬ 
culated  by  the  following  formula. 

d  =  fX. 
where 

d  =  effective  diameter  of  diffraction  image 
f  =  f/number  of  optical  system 
s  wavelength 

If 

f  5  f/20 

\  s  0.430  micron  (4300  A) 
d  =  20  X  0.  43  =  8.  6  microns 

4.3.2  Grating  Resolution 

The  resolving  power  of  the  grating  (h  M  or  its  ability  to  separate  wavelengths 
of  light  is  determined  by  the  formula: 


Nd  cos  0 
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N  =  number  of  grating  lines 
d  =  line  spacing  of  grating 

0  =  angle  of  diffracted  light,  measured  from  grating  normal  (4300A) 


AX 


0.430 _ 

50  X  10"  xO. 95595 


8.  9  microns 


Since  the  formula  for  the  grating  is  based  on  the  minimum  diffraction 
pattern,  the  two  effects  are  not  additive.  However,  this  confirms  thfe  fact 
that  the  resolving  power  of  the  system  is  more  than  adequate  for  good  imaging 
of  a  50-micron  wide  slit. 


4.3,3  Spectral  Line  Image  Quality 

4,  3.  3.  1  Discussion  of  Image  Quality  --  The  image  quality  of  the  spectral 
line  used  in  a  direct  reading  spectrometer  can  in  some  cases  be  the  limiting 
parameter  of  instrument  accuracy.  By  far,  the  most  important  image  quality 
aberration  is  that  of  spectral  line  curvature. 

It  is  a  characteristic  of  direct  reading  spectrometers  that  when  a  straight 
entrance  slit  is  used,  curved  spectral  lines  result,  and  the  degree  of  the 
curvature  is  a  function  of  the  angles  involved  in  producing  the  image,  entrance 
slit  height,  and  rad. us  of  curvature  of  the  grating. 


The  obliqueness  of  the  angles  of  diffraction  with  respect  to  the  grating 
normal  are  dictated  by  the  dispersion  required  for  a  specific  application 
and  the  radiu.s  of  curvature  of  the  diffraction  grating.  The  entrance  slit  height 
is  dictated  hy  the  minimum  energy  requirement  of  the  system. 

Spectral  line  curvature  is  important  to  optical  stability,  due  to  the  fact  that 
a  curved  image  superimposed  on  a  straight  aperture  exit  slit  will  result  in  a 
more  critical  slit  alignment  and  less  allowable  relative  movement  between 


the  image  and  aperture  xf  constant  photomultiplier  energy  is  to  be  received.  If 
any  energy  change  is  observed  by  the  photomultiplier  tube,  the  result  will  be  an 
apparent  concentration  change  in  the  oil  and  thus  an  incorrect  concentration 

reading. 

If  the  spectral  line  curvature  is  sufficient,  it  can  also  limit  the  signal^to- 
background  ratio  and,  therefore,  limit  the  minimum  detectable  concentration. 

In  addition,  it  can  increase  the  wavelength  separation  requirements  of  the  optical 
system  due  to  close  characteristic  radiation  from  another  element  (interference). 

4. 3.  3.  2  Experimental  Measurement  Study  -  -  In  order  to  evaluate  the  effects 
of  spectral  image  quality  on  the  Base  Level  Analyzer  design,  an  experimental 
measurement  study  was  initiated  to  obtain  spectrograms  based  on  varying 
the  separate  parameters  which  govern  image  quality. 

a 

The  equipment  used  for  this  study  was  a  1-meter  optical  breadboard  and  an 
experimental  grating.  The  particular  grating  used  had  a  1-meter  radius  of 
curvature  with  1440  grooves  per  milhneter.  It  should  be  noted  that  this  is 
not  the  same  as  the  grating  proposed  in  the  design  (1666.7  grooves  per  mil¬ 
limeter)  and  that  it  was  only  used  due  to  the  long  delivery  time  of  the  correct 
grating. 

The  experimental  parameters  used  for  the  study  were  as  follows: 

angle  of  incidence  -  25.90 

various  angles  of  diffraction  observed  -  -4',  +5",  +11*^,  (-17' 

grating  -  1  meter,  .radius  of  curvature  with  1440  groove  per  milhnieter 

The  various  angles  of  diffraction  observed  were  defined  by  the  low  pressure 
mercury  lamp  source.  The  wavelengths  and  their  respective  diffraction  angles 
are  given  in  table  4-  1 . 
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Table  4-1 


1 


WavfTenglhs  and  Their, Respective  Diffraction  Angles 


Wavelengths 

Diffraction  Angles 

(Angstroms) 

(Degrees) 

2536.52 

first  order 

-4.  1 

-3.  5 

3125. 66 

fi  St  order 

+0.7 

3650.  15 

first  order 

+5.  li 

1— Base  Level  Analyzer  Range 

■1358.  3d 

first  order 

+  11.0 

16.  3 

2536.42 

second  order 

+  17. (T 

Iho  measuring  technique  <  niployed  was  to  take  two  spectrograms  with  each 
individual  variable  setting,  By  placing  the  emulsion  side  of  one  film,  with 
wavelength  increasing  to  the  right,  against  the  emulsion  side  of  an  equivalent 
film.  With  wavelength  dei.r<  asing  to  the  right,  the  displacement  due  to  curva¬ 
ture  was  easily  measured  with  30X  microscope  (figure  4-5). 

A  nuinhev  of  films  were  taken  separati  ly  varying  tlie  three  p.i  ranieler  s  at 
our  tlisposal,  namely  the  entrance  slit  height,  grating  width,  and  grating  height. 

4.  3.  3  Displacement  Due  to  Curvature  versus  Grating  Width  --  All  of  these 

nu  asureinents  (table  4-<d)  wi  re  t.TV<  n  over  a  spectrum  height  of  25  millimeters 
with  tlie  full  entrance  slit  heiglil  of  34  millimeters,  and  the  full  grating  height 
aperture  of  iO  millimeters.  These  ineas  i rementb  of  displacement  due  to  curva- 
tur<*  are  in  microns  (1  inuron  =  10  inillnueier s) . 

Till'  ri'sults  of  this  study  are  graphically  repre.sented  in  figure  4-6.  It  should 
be  noted  that  extreme  care  was  taken  to  ensure  that  thes«-  displacements  due  to 
curvature  were  real  and  not  the  result  ot  an  oblique  ray  intersecting  a  curved 
surface.  This  possibility  was  checked  using  a  referenct'  straight  edge  to 
measure  the  displacement  of  a  single  line  on  a  single  spectrogram.  From 
figure  4-b  it  can  be  seen  that  the  displacement  due  to  curvature  is  not  a  function 
of  grating  width. 
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4,  3.  3.  4  Displacement  due  to  Curvature  versus  Grating  Height  --  All  of  these 
measurements  were  taken  over  a  spectrum  line  height  of  25  millimeters,  with 
the  full  entrance  slit  height  of  24  millimeters,  and  the  full  grating  width  aperture 
of  50  millimeters  (t&hle  4-3). 

The  results  of  this  study  are  graphically  represented  in  figures  4-7  and  4-8. 
Figure  4-7  indicates  that  the  displa*.  enient  due  to  i  ur\ature  is  a  relatively 
small  function  of  grating  height.  The  order  of  this  lunction  is  defined  by  the 
angle  of  ditfractiun.  Figure  4-H  shows  that  th»'  displacement  due  to  curv’aturc 
for  a  one  millimeter  lugh  ap»  rture  is  virtually  a  linear  function  of  the  angle  of 
diffrac  lion. 

4 ,  3 .  3 .  5  Displacement  due  to  Curvature  versus  Entrance  .Slit  Height  •  -  A1 1 
these  measurements  were  taken  over  a  spectrum  line  height  equal  to  the  en¬ 
trance  sill  hi  ichl  with  the  •«.!!  ^irat.nc  .toerture  <0  by  ■'»'  iiulloneters 
f  ..il.  4-  1 

Figer*  4-4  gr.iph.!'  .tllv  .‘xliibits  tin  <!i>nhiv  emenl  due  to  cur\'atur«  a.s  a 

i.!t \  !•(!  lie  ii.i  t.  o*  vtu  ftitr-oi.e  >1.1  }»e;cht.  in  f.ii  i,  whi'n  the  data 
IS  jiioili'd  .S'.  <! vspl.o.  «  On  nt  due  to  «  urvittur''  verb  is  **  itr.irive  sin  iheighl)*^, 
li.«  r*  ;  it  i  s,  .>  1  '..t  liv  luiv.ki  .It  <«  U  I ! f  T  •  auglrs  »<f  diffraction. 

4  t  '  *  Displ.iy  >  meiit  due  to  <  tercai'ii  '  v»  r>«ss  Cij^i^urn  Optical  Parameters 
tor  la  V t- i  .\‘i.t ly <•  ■  r  •  •  .\  sp«'>  tv'ci  am  vc  .ts  t.ikeu  v- ;?l.  -i  \>  rtn.il  aperture 

o»  10  rtiiU'.melers  plactcj  Mrki  ivuus  lio  rc  suiting;  spectrum  lines  were  10 
millimeters  in  height  and  th.e  displac  eiist  r.t  dm  to  .  urvature  tiifas  iremeirlt 
wer*  t-  v»»rd«  t'  th*’  1 0- !iiillim*  t«  r  l.ei^t  t  I  t.t  t  >  s  ids  o;  t}',,^  film  arc 

sivoW'ii  i  '  '  bie  4-*» 


Grating  Height  1  Millimeter 
Spectrum  Line  25  Millimeters 
from  Film  No.  99 


Degrees  SMZ-FR*  106 

Figure  4-8.  Displacement  Due  to  Curvature  versus-  Angie  of 
Diffraction 
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Table  4-5 

Measurements  of  Curvature  versus  Optimum  Parameters 

Displacement  due  to  Curvature 

Film  Exposure 

Number  Time  B  =  -4.  1  degrees  +5  degrees  +17  degrees 

(microns)  (microns)  (micronsl 

215  23  17  13 

Note:  Within  the  limits  of  experimental  error,  these  are  identical 
to  the  film  number  89  (table  4-4). 

4.  3.3.  7  Conclusions  --  The  linear  reciprocal  dispersion  recommended  for 
the  Base  Level  Analyzer  is  6A  per  millimeter  when  a  50-micron  entrance  slit 
and  a  25-miUimeter  exit  slit  are  used.  With  these  parameters,  thf  theoretical 
wavelength  separation  is  0.  225A.  Under  these  condi'  ons,  the  dts>faoement 
due  to  curvature  must  be  less  than  25  microns.  When  tne  slit  setting  accuracy 
(±  5  microns)  is  subtracted  from  this,  the  resulting  unused  portion  of  the  line 
is  15  microns.  This  value  of  15  microns  is  the  maximum  allowable  curvature. 

With  the  data  from  table  4-5,  film  number  215,  and  remembering  that  the 
displacement  due  to  curvature  increases  with  the  square  of  exit  slit  height, 
the  maximum  height  of  the  exit  slit  can  be  calculated  to  be  8  millimeters. 
Therefore  for  the  Base  Level  Analyzer  the  optimum  height  of  the  exit  is  8 
millimeters  with  the  height  of  spectrum  line  limited  to  10  millimeters  at 
Sirks  »«.icus.  Limiting  the  aperture  at  Sirks  focus  minimizes  the  effect  of 
scattered  light  observed  by  t.hc  photomultiplier. 
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Figar*;  4-10.  Layout  of  Grating  Spectronneter 


where 


R  =  the  focal  length  of  the  grating 

For  a  l-meter  grating  of  1666.7  lines  per  millimeter  at  normal  incidence  in 
the  first  order 

ds  1  millimeter  ^ 

■dX"  6A 


Table  4-6 

Location  of  Exit  Slits 

Element 

X(A) 

6  (degrees) 

Iron 

1.433 

Silver 

1382 

8.  440 

Cupper 

274 

7.  HQK 

Chromium 

4254 

17.462 

Nickel 

3414 

9  248 

Silicon 

2881 

4  123 

Magnesium 

2802 

3  <65 

Aluminum 

3461 

14.540 

Mercury 

3126 

6  470 

Merc..ry 

3650 

11  538 

Tin 

2834 

3  71'f 

head 

220  3 

2  358 

J  5  Effect  of  Tenipe 

raturc.  Pressure,  and  Humidity  on  Exit  Slit  Position 

The  design  of  the  Base  l.v‘vel  Analyser  takes  into  acco'int  the  effect  of 
variations  of  temperature,  pressure,  and  humidity  on  the  required  exit  sht 
locations.  Compensation  for  these  environmental  effects  is  provided  wherever 


the  amoimt  of  shift  is  such  that  it  is  appreciable  compared  to  the  width  of 
the  exit  slits.  Each  of  the  three  environmental  variables  {pressure,* 
temperature,  and  humidity)  affects  the  index  of  refraction  of  air  and  hence 
the  wavelength  of  the  radiation  in  the  air  Additionally  thermal  variations 
change  the  line  spacing  on  the  quartz  diffraction  grating. 

A  fourth  variable,  the  amount  of  carbon  dioxide  gas  in  the  air,  can  also 
be  considered  since  it  alio  affects  the  refractive  index  of  the  air 

The  angles  in  the  Base  Level  Analyzer  diffraction  spectrograph  are  all 
reasonably  small  (between  0  and  w4  degrees).  Hence  the  smalt  angle 
approximation.  0.::  sin  0.  can  be  used  without  great  error  and  the  grating 
equation  c  an  be  written 


U 


Nni 

Au 


(4*  S) 


The  value  ts  the  wavelength  of  the  radialu>n  in  vacuum  The  total 
differential  gives  approximately 
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where 

T  *  temperature 
F  '  filmospheric  .pressure 
t  •  parti,tl  pressure  of  water  m  the  «»r 


C'nisidenng  only  pressure  varrationa 
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(4.7) 


4-40 


Th«*  index  of  air  varies  with  pressure  according  to  the  equation 


n 


(4-8) 


where 

P  =  a  reference  pressure 
o 

The  refore 


A  0  = 


Nm  X. 

V 

__ 


aP 

P 

o 


The  linear  shift  of  the  position  of  the  line  is  AS 


AS  =  RAO 


Nm  \ 

_ V 

A 


(4-9) 


(4-10) 


The  actual  shift  experienced  by  the  Base  Level  Analyzer,  using  an  optical 
alignment  servo  monitor  designed  to  keep  a  line  at  the  center  of  the  spectral 
band  centered  on  its  slit  is  a  dispersion  change.  The  shift  experienced  by 
the  lines  at  the  highes*  (or  lowest)  wavelen  gth  is 
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Nm 
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This  equation  can  be  evaluated  for 


N 

A 


m 


1667  lines  »nm 
1 


-  X  ^  +  900  A 

V  V 

max  avj> 


t  60  mm  Hg 


-b 


P  -  760  mill  i meters  mercury 
o 

R  -  1  meter 

n  =  :::  1 . 00 

aP  =  -236  millimeters  mercury  (the  pressure  change  from  0  to  10,000 
feet  altitude) 


The  result  is  that  AS  is  a  maximum  of  +  16  microns  for  a  line  at  the  high  wave 
length  end  of  the  focal  curve  for  the  high  altitude  case  as  compared  with  the 
sea  level  case.  AS  for  a  line  at  the  low  wavelength  end  of  the  focal  curve  is 
-13.7  microns  . 

Returning  now  to  equation  (4-6),  consider  now  oniy  the  temperature 
variations.  If  all  of  the  structure  is  of  the  same  material  and  is  insulated 
from  external  sources  of  heat  so  that  it  is  isothermal  then 
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8  9 
8  T 


Nm  X 


A  n 


(4-14) 


The  value  of  8  A/ 9  T  for  the  grating  can  be  obtained  from  the  expression 
for  thermal  expansion  of  quartz. 


A  =  A  i  1  +  a  T 

°  L  ^  . 


and 
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whe  re 
A 

o 


the  original  grating  width  at  0*C 

the  coefficient  of  thermal  expansion  of  quartz 


(4-15) 


(4-16) 


The  index  of  refraction  of  air  varies  with  temperature  according  to  the 
3quation 
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so  that 
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Consequently 
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Equation  (4-  19)  can  be  evaluated  for  the  following  parameter  values  in  addition 
to  those  noted  above . 

AT  =  ±  30*C  (the  maximjm  deviation  from  room  temperatures) 


8  =  0.  5  X  10‘^  “C*  ' 

q 


For  a  temperature  increase  of  rO“C  above  nominal  room  temperature  a 
line  at  the  maximum  wavelength  end  of  the  focal  curve  shifts  +  2.2  microns. 
A  negative  shift  is  obtained  for  a  temperature  decrease. 

Now  consider  only  the  effects  of  humidity  variations.  Equation  (4-6) 
becomes 


AO 


8f 


A  f 


(4-20) 


where 

di 


Nm  X 

V 


A  n 


2 


8  n 
<jf 


(4-21) 


The  index  of  refraction  of  air  varies  with  humidity  approximately  according 

* 

to  the  expre.ssion 
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41  f  X  10*'' 

760  "  "d 
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(4-22) 


Taken  from  International  Critical  Tables 
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In  thia  equation 


n  =  index  of  dry  air 
d 


£  =  partial  pressure  of  H  Q  (mm  Hg) 


Differentiating  equation  (4-22  )  we  can  find  the  value  of  —7 

9  f 


_ 


(4-23) 


The  shift  of  a  line  at  the  maximum  wavelength  end  of  the  focal  curve  with 
respect  to  its  nominal  slit  position,  assuming  again  the  optical  alignment 
servo  operating  on  a  line  in  the  center  of  the  spectral  band,  is 


Nm  (\ 
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(4-24) 


This  equation  can  again  be  evaluated  using  the  standard  parameter  values 


^  41  X  10  ,  ,, 

^  -  - TaTJ - 


Af  =  10  millimeter  mercury 

The  last  value  is  obtained  as  being  a  maximum  change  in  partial  pressure  of 
water  vapor.  The  minimum  is,  of  course,  0  millimeter  mercury;  the  average, 

15  millimeter  mercury  (for  23*C  and  72  percent  relative  humidity);  and  the 
maximum,  about  120  millimeter  mercury  (55*C  and  100  percent  relative  humidity) 
The  resulting  shift  is  4  0.  8  micron. 
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'liu-  fflcfi  Ml'  lhi‘  Mcirtifil  [irc-..surc  of  c.'i  rbf'ii  rlioxicic  g;i  s  in  ;i' r  on  th;  ii  dt'X  uf 

refraction  can  be  neyiccted.  The  International  Critical  Tables  indicate 

that  doubling  the  normal  amount  of  carbon  dioxide  (0,03  percent)  in  air 

7 

will  increase  the  index  by  less  than  one  part  in  10  .  This  compares  with 

7 

a  change  of  92  parts  in  10  for  the  anticipated  pressure  change  from  0  to 
10,000  feet  altitude 

The  effects  of  all  the  variables  considered  above  arc  summarized  in  table 
4-7  It  is  apparent  that  for  a  SO-micron  entrance  slit  and  25-micron  exit 
slits  that  only  the  pressure  change  presents  a  problem  An  optical  adjustment 
must  be  provided  to  compensate  for  altitude  changes. 


Humidity  j  23‘'C  and  7^%RHto55*C  +  0.8 

and  100%  RH 

Af  -  +  10  mrn  Hg 
partial  pressure  of  wat«  r 

CO^  Concentration  _  __  _  negligible  _ _ 


4  3  6  Effect  of  Temperature,  Pressure  and  Humidity  on  Line  Position 

In  additic'n  io  the  dispersion  shifts  analyzed  in  paragraph  4  3  5  spectral 
emission  lines  are  also  displaced  laterally  when  su  jected  to  the  temperature, 
pressure,  and  humidity  conditions  specified  in  Exhibit  "A"  An  analysis  of 
lateral  shift  on  a  3400  A  line  follows. 
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Now 
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where 

f  =  partial  pressure  of  water 
P  =  atmospheric  pressure 
T  =  temperature 

Now  for  pressure  variations  only. 
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(4-25) 


Substituting  the  same  values  used  to  evaluate  equation  (4-11  )  and 

X^  =  3400  A  in  this  equation,  the  total  pressure  induced  shift  is  found  to 

be  AS  ■  50  microns.  " 

Cons  id  j  ring  the  lateral  shift  of  line  position  produced  by  temperature 
\ariations  only 
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It  has  been  assumed  that  selection  of  M  aterials  in  the  spectrograph  is 
such  that 
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This  equation  can  be  evaluated  using  equations  (4-  17,  4-  18,  4- 
The  result  is 
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Substituting  the  paratnetcra  previously  used  in  equation  (4-  19)  and  a  value 
of  3400  A  for  X  .  the  lateral  shift  produced  by  a  temperature  change 

*  V 

is  AS  -  6.6  microns 

Finally  considering  humidity  variations  only 
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Substituting  equations  (4-22  and  4-23)  in  this  equation,  the  lateral  sh'ft 
from  humidity 


AS  ^  RaG 


Nm  \ 

^  RKAf  - (4-27) 

A  n 


Substituting  the  parameter  values  previously  used  in  equation  (4-24)  plus 
3400  A  for  the  humidity  produced  lateral  shift  is  found  AS  =  3.05  microns. 

llie  total  lateral  shifts  produced  by  environmental  changes  in  the  center 
of  the  focal  curve  are  summarized  in  table  4-8,  These  shifts  are  completely 
corrected  by  the  optical  alignment  servo  and  hence  indicate  the  range  of 
correction  required  of  that  servo. 


Table  4-8 

Summary  of  Environmental  Changes  in  Line  Position 
(for  3400  A  Line) 


Variable 

Range  of  Variable 

Lateral  Shift  (microns) 

Pressure 

i 

fo  to  10.000  feet  altitude 
,  AP  =  - 23H  mm  Hg 

50 

Temperature 

k 

AT  =  »  30*C 

6.  6 

Humidity  | 

i 

'  Zre  and  72%  RH  to  53*C  and 
100%  RH 

i.05 

\ 

1 

Af  »  ♦  10^  mm  Hg  partial 
pressure  of  water 

4.  3.  7  Temperature  Effects  on  Focus 


Since  all  critical  optical  elements  on  the  Rou^land  circle,  entrance  slit, 
grating,  and  exit  slits  are  connected  together  by  means  of  a  mechanical 
structure,  it  is  necessary  to  evaluate  the  performance  of  the  structure  over 
the  temperature  extremes.  In  the  follo>ving  analysis,  one  assumption  has 
been  made,  that  is,  that  the  grating  is  thermally  inert.  This  is  a  valid 
assumption  because  the  grating  blank  is  made  of  fused  quartz  vihich  has 
a  thermal  coefficient  of  expansion  of  0  ,iH  x  10'^  inches  per  inch  per  "F. 

Nov/  considering  a  condition  \chere  the  grating  is  fixed,  and  only  the 
entrance  and  exit  slits  arc  free  to  move  (figure  4-11),  the  change  in  optical 
path  length  can  be  expressed 

^^(a+b)  '  ^  ^*"a  ^  ^b^ 

where 

K  -  linear  Coefficient  of  expansion 

«, 

% 

tt  =  temperature  change 

=  distance  from  grating  to  exit  slit 

^  distance  from  entrance  slit  to  grating 

Now  if  the  optical  head  is  machined  and  aligned  at  H0*F  the  maximum 
temperature  change  in  either  direction  is  50*  F  and  with  >  39  inches 
and  I,.  -  3b  inches  and  using  1 1  9  x  10'^  inches  per  inch  per  *F. 

D 

^  0.044  inch  for  a  50*F  temperature  change  or  a  total  out  of 
focus  of  0  088  over  the  specified  temperature  range  With  an  (/20  optical 
system,  this  represents  a  a  O.OO^-mch  or  a  ^O-mitron  emission  line  broad 
aning  at  the  exit  slit  This  line  broadening  represents  u  inii.Mr 
energy  loss  paragraph  7  4^  for  detailed  calculaitcins  ) 


4 


4.3.8  Light  Level 

Since  all  direct  reading  spectrometers  used  for  spectrochemical 
analysis  record  relative  rather  than  absolute  energy,  .the  logic  used  to 
show  sufficient  energy  at  the  phototube* will  be  based  on  past  experience. 

It  is  to  be  shown  that  this  energy  with  the  Base  Level  Analyzer  is  at  least 
as  great  as  that  of  current  commercial  oil  analysis  instrumentation  and  is 
more  than  adequate . 

The  energy  gathering  power  of  an  optical  system  is  the.  f/number  which 
in  the  case  of  an  optical  spectrometer  is  the  distance  from  the  grating  to 
the  focal  curve  (approximately  the  radius  of  curvature  of  the  grating) 
divided  by  the  mean  aperture. 

f/no.  =  ~ 

A 


where 


where 

W  =  width  uf  the  ruled  area 


H  =  height  of  the  ruled  area 


Nov/  the  energy  ratio  being  diffracted  by  tw/o  gratings  (1 -meter 

f 

versus  3-iTieter)  at  a  particular  wavelength,  is  the  ratio  of  the  square 
of  the  f/numbers.  This  is  assuming  that  the  entrance  optics  and  the 
blaze  of  the  grating  are  equally  efficient.  Therefore,  comparing  the 
Pensacola  Naval  Air  Station  3 -meter  f/42. 1  spectrometer  with  the 
Base  Level  Analyzer  1 -meter  f/22.  9.  1-meter  system  will  gather 
approximately  3.4  times  as  much  energy  per  unit  entrance  slit  height 
as  the  3-meter  system. 

Now  the  Pensacola  system  has  a  22-millimeter  entrance  slit  height 
compared  to  the  8  millimeter  used  in  the  Base  Level  Analyzer,  therefore 
the  total  energy  advantage  of  the  1 -meter  system  is  23  percent. 


4.4 


Radio  Frequency  Interference 


Since  the  Base  Level  Analyzer  contains  two  active  spark  gaps  (broadband 
radio  frequency  radiator,  considerable  attention  was  addressed  to  the  prob¬ 
lem  of  making  the  design  meet  the  requirements  of  MIL-I>26600  Class  II.  A 
review  of  all  internal  (Baird- Atomic)  interference  data  was  conducted  and  an 
external  literature  search  was  made  in  order  to  determine  the  practiced  state 
of  the  art  in  spectrograph  radio  frequency  interference  suppression.  All  in¬ 
formation  gathered  showed  that  no  serious  attempt  had  ever  been  made  to 
design,  construct,  or  qualify  a  spectral  emission  in8*^rument  to  MIL- 1- 26600. 

It  was  therefore  decided  that  a  breadboard  should  be  constructed  and 
subjected  to  the  specified  tests,  so  that  design  criteria  could  be  established. 

The  breadboard  was  constructed  using  components  that  would  most  closely 
approximate  the  final  design  (figure  4-12).  These  components  were,  with  one 
exception,  layed  out  such  that  the  excitation  source  could  be  completely  en¬ 
closed,  the  only,  exception  being  the  12  kilovolt  transformer  primary^  This 
is  shown  diagramatically  in  figure  4-13.  In  order  to  minimize  the  capacity 
coupling  between  the  primary  and  secondary  of  the  transformer  a  Faraday 
shield  plane  was  placed  between  them.  This  shield  plane  also  acted  as  the 
base  plate  of  a  fine  mesh  copper  enclosure  (figure  4-13).  Since  at  frequencies 
in  excess  of  one  gigacycle  the  attenuation  of  a  copper  mesh  shield  starts  to 
deteriorate.  Provision  was  made  to  enclose  the  total  breadboard,  (including 
copper  mesh  shield)  in  a  further  continuous  galvanized  steel  enclosure,  there¬ 
by  effecting  double  shielding.  The  steel  enclosure  was  made  large  enough 
to  hold  line  suppression  filters  in  the  event  that  they  were  required.  Both 
shields  (copper  mesh  and  steel)  were  pierced  so  that  adjustments  could  be 
made  to  the  control  gap  .and  such  that  air  could  be  ducted  into  the  system 
(figures  4- 14,  4-15,  and  4-16). 


Copper  Meeh 
Enclosure 


12  Kilovolt* 
Primary 
Winding 


G|  :  control  gap 
=  analytical  gap 
Cij  =  safety  gap 
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Figure  4-13.  Brt'adbourd  Layout 


Figure  4-14.  Breadboard  With¬ 
out  Shields 


Figure  4-15.  Breadboard  With 
Copper- Mesh  Shield 


Figure  4-16.  Breadboard  With  Copper-Mesh  and  Galvaniaed  Steel 


The  configuration  of  the  breadboard  and  the  associated  shields  gave  rise 
to  a  test  program  based  on  progressive  shielding,  namely 

a.  Test  of  breadboard  without  shields  or  filters. 

b.  Test  of  breadboard  with  copper  mesh  shield  and  without  filters. 

c.  Test  of  breadboard  with  both  copper  mesh  and  steel  shields  and  without 
filters. 

d.  Test  of  breadboard  with  all  shields  and  filters. 

All  tests  (both  conducted  and  radiated)  were  performed  to  MlL-1-26600 

Class  III  and  were  performed  by  Sanders  Associates,  Inc.  ,  Nashua,  New 

Hampshire  (figure  4-17).  It  is  to  be  noted  that  radiation  tests  to  Class  III 

are  more  severe  than  to  Class  II  by  a  factor  of  seven.  The  test  results  and 

*• 

report  prepared  by  Sanders  are  to  be  found  in  appendix  B. 

Tests  showed  that  it  is  possible  to  design  a  Base  Level  Analyzer  to 
MIL- 1- 26600  Class  II  providing  the  following  criteria  are  met. 

a.  All  radiating  sources  must  be  double  hielded  and  the  exteri.al  shield 
must  be  both  solid  and  continuous 

b.  All  external  openings  (windows,  air  ducts,  etc.l  must  be  shielded. 

Note:  It' is  undesirable  to  have  rectangular  openings  in  the 
outcrshielddue  to  the  possibility  of  wavelength 
propagation. 

c.  Line  suppression  filters  must  be  used  and  must  have  at  least  70db 
attenuation  at  0.  1 1  megacycles  . 

d.  Faraday  shields  must  be  placed  between  the  primary  and  secondary 
of  all  excitation  source  transformers. 

e.  Shielded  cable  and/or  conduit  must  be  used  for  all  interconnections. 


t.  The  equipment  must  be  grounded  with  a  solid  3-inch  ground  strap. 

# 

All  of  the  above  criteria  have  been  met  or  exceeded  in  the  subject  design 
and  no  interference  problems  are  anticipated. 


5.  SYSTEM  SPECIFICATIONS 


5.  1  Capability 

« 

The  Basie  I  evel  Analyser  shall  be  capable  cf  routinely  detecting  trace 
elements  :n  lubricating  oil  over  the  range  of  concentrations  specified  for  each 
element  in  table  5-1.  The  equipment  will  discriminate  in  respect  to  the  ten 
elements  --  iron,  lead,  tin,  silver,  copper,  chromium,  nickel,  silicon, 
magnesium,  and  aluminum. 

5.  2  Accuracy 


The  accuracy  of  the  instrument  shall  be  .such  that  the  deviation  from  the 
average  measured  amount  of  any  specified  element  present  in  the  Standard 
Reference  Specimen  shall  not  exceed  the  limits  set  forth  in  table  5-1.  The 
deviation  (D)  is  expressed  in  the  following  tormula. 


•10 


T7T 


(10) 


where  the  differences  >f  the  ten  analyses  from  the  average  measured  value 
d(average)  are  shown  as  d  through  d  and  the  average  amount  of  an  element. 

i  I  V 

d(average).  contained  in  a  Standard  Relervnce  Specimen  is  expressed 


w  here  dg|  ^  through  d^^ 


are  the  actual  measured  values  ot  the  element  as  di*> 

1  -  -10 
played  on  the  Base  Level  Analyzer  readout- 


Accuracy  Specifications 
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5-  2.  I  Standard  Reference  Sample 


The  Standard  Reference  Sample  shall  be  prepared  by  the  contractor  a.id 
shall  be  formulated  (using  780B  oil  as  a  base)  in  accordance  with  National 
Bureau  Standards  Nomograph  54  and  shall  contain  contaminant  levels  of  8,  20, 
so,  100,  <200,  300,  400,  and  500  parts  per  million  up  to  the  maximum  level 
of  each  element  as  specified  in  table  5-1. 

5.  2.  2  Temperature  Range 

The  accuracy  specified  in  paragraph  5.  2  shall  not  be  exceeded  over  a 
temperature  range  of  32'’F  to  130'F. 

5.  3  Configuration 

The  configuration  of  the  Base  Level  Analyzer  shall  conform  to  figure  3-2. 

5.  3.  1  Size  , 

The  dimensions  of  the  equipment  (including  transit  case)  shall  not  exceed 
the  following; 

Height  71  inches  maximum 
Width  “2  inches  maximum 

Depth  It)  inches  mi.Mmum  , 

5.  3.  2  Weight 

The  weight  of  the  equipment  (including  transit  case)  shall  not  exceed 
1 1 00  pounds. 

5.  4  Kxternal  Connect i->ns 

The  equipment  shall  require  only  the  follo'cing  external  connections; 
a.  Electrical  Power 
h  Exhaust  Gas  Ducting 

c.  Ground  Connection 

d.  Incoming  Air  Duct  (Note. only  uhen  there  is  a  local  explosion  hazard) 

e.  Electrical  Readout  Signal  to  Auxiliary  Equipment 
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5.4.  1  Electrical  Power 


The  equipment  shall  operate  from 

a.  Single  phase  60-cp8.  115  volts  ±  10  percent 

b.  Single  phase  50  cps,  235  volts  ±  10  percent 
Peak  power  snail  not  exceed  4000  watts. 

5.  5  Readout 

The  equipment  shall  have  two  readouts;  one  visual,  the  other  electrical. 

5.  5.  1  Visual  Readout 

The  visual  readout  shall  be  a  3-digit  Nixie  display  and  (for  7808  oil  only) 
shall  present  the  analysis  of  the  contimant  directly  in  parts  per  million.  The 
readout  will  be  directly  under  the  control  of  the  operator  by  means  of  a  front 
panel  switch. 

5.  5.  2  Electrics.  Readout 

The  electrical  readout  shall  be  a  10-line  (9  wires  plus  ground)  9-bit  parallel 
binary  output.  Each  active  line  shall  be  capable  of  feeding  a  10,  000-ohm  load. 
The  output  level  shall  be  0  to  +  10  volts  where  zero  volts  is  logic  "zero"  and 
+  10  volts  is  logic  "one. "The  readout  will  be  directly  under  the  control  of  the 
operator  by  means  of  a  front  panel  switch. 

5.  6  Maintenance  Manhours 

Based  on  a  quantitative  prediction,  the  maintenance  manhours  shall  not 
exceed  0.  04  of  the  operating  hours  where  the  total  operating  hours  equals 
3000. 

5. 7  Reliability 

The  Mean  Time  Between  Failure  shall  not  be  less  than  150  hoors  and  the 
reliability  shall  not  be  less  than  0.  9989  for  a  lO.-minute  operating  ase  period 
over  a  total  of  3000  operating  hours. 


5.  8  Electromagnetic  Interference 


The  analyzer  shall  conform  to  the  requirements  of  MIL-I-26600  Class  II. 

5 .  9  Environmental  Conditions  i 

The  analyzer  shall  meet  MIL-T-21200  Class  III  an4  shall  conform  to  the 
requirements  of  the  sheltered  equipment  category  as  specified  in  MIL-STD-810. 

5,  10  Safety 

Provision  for  the  safety  of  personnel  shall  be  incorporated  to  the  maximum 
extent  possible  with  regard  to  anticipated  operating  conditions  and  capability 
of  operating  personnel. 
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6.  SYSTEM  DESIGxN 
6,  1  General 


Aa  discuase^  in  paragraph  4.  1  the  Base  Level  Analyzer  is  comprised  of 
three  major  systems  (figure  3-3), 

a.  The  Optical  Mead  Assembly 

b.  Excitation  Source  and  Power  Control  System 

c.  Electronic  Signal  Processing  System 


The  purpose  of  this  section  is  to  discuss  in  detail  the  design  of  each  major 
system  showing  the  rationale  for  choosing  a  partic  ar  design,  the  functional 
operation  of  the  design,  and  th®  method  of  implementation. 


In  addition,  this  section  contains  a  description  of  the  mechanical  design 
which  shows  the  mechanical  interrelation  of  the  three  major  systems. 

6.  1.  1  Optical  Head  Assembly 


As  discussed  in  section  4,  the  optical  head  assembly  (figure  6-1)  contains 
six  functional  systems  as  follows. 

a.  Main  Optical  System 

b.  Servo  Monitor  System 

c.  Tilt-Normal  Subsystem 

d.  Focus  Servo  System 

e.  Sample  Stand  Assembly 

f.  Relay  Network  and  Integrator  Subassembly 

It  is  to  be  noted  that  item  (f)  is  not  in  itself  a  complete  system  and  that  it 
has  only  been  included  in  this  assembly  because  of  its  physical  location.  It 
is,  in  fact,  a  functional  part  of  the  electronic  signal  processing  system  and 
its  relation  to  that  system  will  be  discussed  in  paragraph  6.  1,  3. 
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Figure  6-1,  Optical  Head  (Cross  Section  through  Focal  Plane 
and  Tilt- Normal  System 
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6.  1.  I.  1  Main  Optical  System  --  The  main  optical  system  is  illustrated 
schematically  (figure  6-2).  It  consists  of: 

a.  Source  or  Analytical  Gap 

b.  Entrance  Optics 

c.  Entrance  Slit 

d.  Concave  Grating 

e.  Focal  Plane  and  Exit  Slits 

f.  Folding  Mirrors  and  Phototubes 

6.  1.  1.  1.  1  Entrance  Optics  --  The  analytical  gap,  where  the  oil  is  excited, 
has  an  effective  si/e,  when  viewed  by  the  entrance  optics  of  6  millimeters  in 
width  by  3  millimeters  in  height.  The  radiation  from  this  source  is  picked 
up  by  the  entrance  (or  condenser)  lens  and  directed  into  the  spectrometer 
proper.  A  concave  mirror  located  behind  the  analytical  gap  reimages  the  gap 
on  itself  in  the  manner  common  to  film  projectors  and  gives  more  energy  and 
more  uniform  distribution  of  the  energy. 

The  condenser  lens  is  designed  and  its  location  chosen  to  fill  the  entrance 
slit  uniformly  with  energy  from  the  analytical  gap,  and  with  a  minimum  loss. 
The  mo.st  efficient  optical  system  can  do  no  more  than  fill  the  entriince  slit 
with  the  brightness,  or  steradiancy,  of  the  source,  minus  transmittance  and 
reflectance  losses.  In  other  words,  when  viewed  from  any  point  on  the  grating, 
the  entrance  slit  should  appear  uniform  in  intensity  along  its  length  and  this 
intensity  should  be  equal  to  the  maximum  intensity  of  the  source,  minus  un¬ 
avoidable  transmittance  and  reflectance  losses.  In  this  situation,  the  total 
energy  entering  the  system  is  proportional  to  the  open  area  of  the  slit. 

The  two  general  approaches  to  accomplishing  this  are: 

a.  Image  analytical  gap  directly  on  the  entrance  slit 

b.  Image  the  analytical  gap  onto  the  aperture  of  the  grating 
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When  the  analytical  gap  is  imaged  directly  on  the  entrance  slit,  the 
energy  getting  through  the  slit  is  limited  to  a  thin  vertical  section  of  the 
source  because  the  edges  of  the  slit  act  as  a  field  stop  and  cut  out  radiation 
coming  from  any  portion  of  the  gap  that  is  not  on  the  center  line.  In  a  varti* 
cal  direction,  the  area  of  maximum  radiance  is  limited  to  the  portion  of  the 
length  of  the  slit  covered  by  the  image  of  the  source.  If  the  imaging  system 
is  1  to  1 ,  this  limits  the  effective  slit  length  to  3  millimeters.  This  limita* 
tion  can  be  overc*ome  by  increasing  the  magnification  of  the  condenser  system 
to  fill  the  full  slit  height.  However,  this  takes  an  increasing  amount  of  space. 

Another  important  disadvantage  is  the  fact  that  no  radiation  is  received 
that  originates  in  areas  of  the  source  that  are  not  on  the  optical  axis.  There- 
{ore,  the  total  energy  measured  by  the  system  is  not  a  good  average  of  the 
radiation  over  the  entire  area  of  the  gap. 

Now,  if  the  analytical  gap  is  imaged  onto  the  aperture  of  the  grating,  the 
entrance  slit  is  uniformly  filled  along  :  length,  and  in  addition,  the  energy 
measured  by  the  system  is  integrated  ov-er  the  entire  area  of  the  source  gap. 
For  this  reason,  imaging  of  the  gap  on  the  grating  aperture  was  selected  as 
the  optimum  method  of  slit  illumination  for  the  Analyzer. 

The  condenser  lens  (B)  is  designed  and  located  to  throw  an  image  of  the 
3x0  iiiilhmeter  analytical  gap  onto  the  30  x  bO  millimeter  ruled  area  of  the 
grating.  The  image  is  magnified  by  ■  5  making  the  image  22  S  x  4S  milli* 
meter,  <*r  slightly  smaller  than  the  ruled  area  ol  the  grating.  This  permits 
a  small  amount  of  image  wander  due  to  inherent  instability  of  the  flame  in  the 
arc  gap  without  loss  of  energy  when  the  image  overlaps  the  edge  of  the  grating 
aperture. 

6.  I.  1.  1.  i.  I  Sirk’s  Focus  -*  In  a  system  where  both  entrance  ind  exit  slits 
are  located  on  the  Howland  iircie,  the  image  of  the  entrance  slit  is  brought  to 
a  sharp  focus  at  the  exit  xlil  in  the  plane  of  the  RowUi  I  iirde.  However, 


■  inc*  the  image  of  the  entrance  slit,  as  seen  in  the  image  plane  where  the 

exit  slits  lie,  is  astigmatic,  the  slit  image  is  astigmatic  or  stretched  out 

vertically  and  comes  to  focus  vertically  in  a  different  plane.  In  order  to 

« 

make  an  object  come  to  focus  vertically  at  the  exit  slit,  it  is  necessary  to 
place  it  behind  the  entrance  slit  at  a  point  known  as  Sirk's  focus.  Objects 
placed  at  Sirk's  focus  will  come  to  focus  vertically  at  the  exit  slit  location 
on  the  Rowland  circle,  but  will  be  out  of  focus  horizontally. 


The  location  of  Sirk's  focus  can  be  calculated  from  the  formifla; 


S  =  R  r - r - : — r - *  cos  Aj 

I  cos  A  •  sin  B  tan  B  I 

where 

R  =  radius  of  curvature  of  concave  grating 
A  =  angle  of  incidence,  measured  from  grating  normal 
B  =  angle  of  dispersion,  measured  from  grating  normal 
S  =  distance  from  Sirk's  focus  to  entrance  slit 

It  is  sometimes  desirable  to  locate  the  condenser  lens  ul  the  entranie 
optical  system  at  Sirk's  toe  us,  where  the  lens  aperture  .s  in  to,  u.s  at  the  exit 
slit,  and  the  lens  is  ot  minimum  si/e.  However,  con>.ule ruble  ."pace  can  be 
saved  by  moving  the  lens  ,  lo^er  to  the  entrance  slit  ami  nuking  it  large  enough 
SO  that  the  exit  slu  aperture  is  still  completely  filled  by  the  oui-uf-fo,  us  image 
of  the  «i'«»ndenser  lens.  Sim  e  there  is  nt»  problem  in  designing  a  lens  ol  suit, 
cieni  Ajierture,  the  condenser  lens  in  this  ilesign  is  li  v.ited  S'.mevKat  ,]o."er 
to  the  entrain  e  sin  than  Sirk  «  toms. 


»)  t» 


6.  1.  1.  1.  2  Grating  -•  The  diffraction  grating  to  be  used  in  the  Base  Level 

m 

Analyzer  design  is  a  concave  grating  of  1 -meter  radius  of  curvature  with 
1666.7  grooves  per  millimeter.  The  angle  of  the  blase  is  16*48'  or  a  blaze 
wavelength  of  3430  A. 

The  blaze  wavelength  is  defined  as  that  wavelength  which  is  most  efficiently 
diffracted  into  the  first  order.  This  efficiency  is  routinely  50  percent  of  the 
incident  energy.  The  one  meter  radius  of  curvature  and  1666.  7  grooves  per 
millimeter  result  in  a  linear  reciprocal  dispersion  of  6.  0  A  per  millimeter. 

This  dispersion  along  with  a  50-micrun  entrance- 25-mic  ron  exit  slit  combina¬ 
tion  produces^  wavelength  separation  bf  0.  225  A. 

The  grating  will  be  a  replica  on  fused  quart/  and  the  ruled  area  will  be 
30  X  50  square  millimeters.  A  fused  quart/,  grating  substrate  has  been  selected 
because  *ii  its  low  thermal  expansion  coeffit  ler't  The  diffraction  grating  will 
be  ruled  by  Bausch  and  Lomb  Incorporated. 

6  1  I.  1  i  Me<  hatucal  Configuration  -  The  most  vital  mechanical  aspect  of 
the  spect rometer  design  is  that,  over  the  range  ot  specified  environmental  * 
conditions,  there  be  iiiimmuni  dimensional  and  angular  shill  between  the 
entranie  slit,  grating,  ,ind  exit  slit  Therefore,  the  prime  function  of  the 
Opltial  Head  Housing  is  to  provide  a  dimriisionally  stable  iiase  for  the  optical 
elements.  Other  important  reqiiirementc  are  th.»i  t  l*e  a  light -tight  enclosure 
and  a  reasonably  air-tighl  compartment  i«*r  h  .mid'iy  \>introl 

These  requirements  dutated  that  the  «  oniigurat.on  .<1  the  housing  i>e  that  of 
an  irregularly  shaped  tabular  structure  with  a  nlibed  b.|^r.  htiving  the  mini¬ 
mum  envelope  required  lo  enclose  the  optical  path  (figures  t*- 4.  6-1.  and  6-4), 
This  configuration  ensures  maximum  flatness  and  torsional  rigidity.  In  con¬ 
sidering  the  material  to  be  used  in  <he  design,  there  are  many  irade-otfs.  not 
the  least  being  the  method  of  fabric  alioh  Two  obvious  methods  o(  fabrication 
are  weldment  and  casting 
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A  v^eldment  was  rejected  on  the  basis  that,  with  this  size  of  housing,  it  would 
be  difficult  to  achieve  complete  stress  relief  of  the  residual  stresses  caused  by 
welding  thereby  compromising  dimensional  stability.  Casting  on  the  other- 
hand  does  not  present  this  problem.  From  a  cost  consideration  point  of  view, 
the  tooling  required  for  welding  generally  equals  the  pattern  cost  for  an  equiva¬ 
lent  casting,  further  the  fabrication  times  for  both  processes  are  essentially 
the  same. 

In  selecting  the  material  from  which  the  casting  will  be  fabricated,  the  most 
important  considerations  are  thermal,  that  is,  thermal  conductivity  and  ther¬ 
mal  expansion.  Conductivity  is  of  great  importance  since  materials  having 
a  low  figure  of  thermal  conductivity  can  produce  large  angular  shifts  due  to 
differential  heating.  A  low  coefficient  of  expansion  is  desirable  to  reduce 
dimensional  shifts.  Additional  considerations  are  that  the  material  must  have 
low  density  for  weight  reduction  and  musTbe  castable.  The  materials  con¬ 
sidered  were: 

a.  Magnesium 

b.  Iron 

c.  Aluminum 

Magnesium  was  rejected  due  to  difficulties  in  casting  and  machining.  Iron 
on  the  other  hand  is  perfectly  reasonable  in  these  respects,  but  presents 
major  weight  problems  due  to  the  fact  that  the  minimum  wall  thickness  that 
can  be  cast  is  3/8  inch.  This  would  result  in  a  housing  having  a  weight  of 
400  to  500  pounds.  Aluminum  was  therefore  chosen  as  the  optimum  material, 
the  particular  grade  of  aluminum  being  A  356. 

The  most  significant  design  feature  of  the  base  of  the  housing  is  that  the 
focal  curve  is  cast  with  the  base  and  is  actually  machined  on  th.e  casting  instead 
of  being  attached  as  a  separate  piece,  as  is  frequently  the  case.  This  greatly 
reduces  the  optical  alignment  complexity  and  time.  It  is  closely  referenced 
in  machining  to  the  grating  and  entrance  slit  reference  surfaces,  thereby 


taking  advantage  of  the  precision  control  achievable  in  machining  to  attain*  the 
highly  critical  alignment  measurements.  Other  critical  mounting  surfaces 
machined  on  the  base  are  the  sample  stand  mount  surface,  mounting  surface 
for  the  entrance  slit  .servo  and,  focus  mechanism,  and  optical  element  mounts. 
The  design  is  such  that  all  machining  operations  may  be  accomplished  with 
standard  equipment. 

Access  doors  are  provided  at  three  .points  and  are  designed  to  have  minimum 
effect  on  the  structural  rigidity.  These  doors  utilize  both  radio  frequency 
interference  and  fluid  gaskets. 

in  order  to  minimize  the  imposition  of  external  .stresses  on  the  housing, 
it  is  attached  to  the  main  console  structure  by  means  of  a  three  point  mount 
(figure  3-3).  Thermal  isolators  are  provided  between  the  housing  and  the  main 
structure  to  reduce  thermi,!  conduction  effects 

b-  !•  1-  1  •  1  Grating  Mount  --  The  function  of  the  graiiiig  mount  is  to  provide 
both  a  stable  base  and  tne  neces.sary  precision  adjustments  that  must  be  made 
to  the  grating  in  order  to  align  the  optical  system.  There  are  three  independent 
adjustmenUs  that  must  be  made  to  the  grating  during  alignment;  these  are  pitch, 
roll,  and  yaw.  In  addition,  an  adju.stment  th,U  provides  In, ear  displacement 
.....)ng  the  mean  dispersion  angle  is  requirccl  in  order  to  compensate  for  pres¬ 
sure  clianges. 

The  first  mount  design  consiclt  red  was  the  much  used  kinematic  mount. 

This,  however,  has  two  major  disadvantages: 

a.  It  is  not  sufficiently  rugged  to  withsl.md  the  specified  shock  and  vibra¬ 
tion. 

b.  All  the  required  adjustmewt  motions  are  interdependent  resulting  is 
(  omplex  alignment. 
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a  precision  micrometer  screw  with  an  opposing  screw  for  locking. 


To  obtain  the  Hnear  motion  along  the  mean  dispersion  angle,  two  guide  rods 
are  used.  These  guide  rods  are  located  in  the  main  base  of  the  mount  and 
are  set  parallel  to  the  mean  dispersion  angle.  Two  ’’V”  grooves  ride  on  one 
of  the  rods  while  a  "flat"rides  on  the  other.  The  "V's"  guide  the  mount  and 
prevent  rotation  in  a  horizontal  plane,  while  the  "flat"  prevents  rotation  in  a 
vertical  plane.  A  differential  screw  provides  the  motion  for  this  adjustment 
which  feafbres  two  spring-loaded  "zero  backlash"  nuts,  which  are  equally  effec¬ 
tive  for  both  directions  of  travel. 


A  noteworthy  feature  of  this  design  is  that  it  can  be  pre-aligned  in  an  align¬ 
ment  jig  and  placed  directly  in  the  optical  head  with  only  one  further  adjust-  - 
mcnt  required.  This  means  that  all  grating  assemblies  are  interchangeable 
and  results  in  less  maintenance  costs. 


Best  Available  Copy 
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Gr3tiii|>  Mount  Assembly 


If 

6. 1.1.2  Servo  Monitor  System 

6.  1 .  1 . 2. 1  General  -■»  As  discussed  in  the  optical  analysis  paragraph  4.3.6, 
there  is  a  spectral  line  shift  due  to  teniperature,  pressure,  and  humidity. 

The  total  amount  of  this  shift  can  be  of  the  order  of  60  microns  under  the 
worst  environmental  conditions  and  can  amount  to  ±  100  microns  if  mechani¬ 
cal  stress  and  differential  heating  arc  considered.  Since  this  degree  of  line 
shift  results  in  gross  inaccuracies  it  is  necessary  to  provide  an  automatic 
correction  system  in  the  design,  namely  the  servo  monitor  system.  This 
system  will  have  the  capability  of  providing  a  *  100  micron  correction  range 
with  a  ±  500  micron  acquisition  range  and  an  accuracy  of  ±  1  micron. 

The  monitor  system  will  only  operate  between  sample  burns  and  will  be 
disconnected  during  the  burn  period  thus  precluding  any  interference  problems. 
A  visual  readout  will  be  provided  to  indicate  the  amount  of  line  correction  be* 
ing  used  and  to  allow  the  operator  to  set  the  monitor  system  such  that  it  is 
operating  over  the  a  100  micron  control  range.  The  system  operates  in  the 
following  manner.  Light  is  emitted  from  an  a-c  operated  monitor  reference 
source  (mercury  vapor  lamp)  which  is  located  at  Sirk's  focus,  as  calculated 
for  the  3126A  mercury  line.  The  light  passes  through  a  cylindrical  lens,  is 
reflected  90  degrees  by  means  of  an  electrically  actuated  45-degree  folding 
mirror,  and  is  then  transmitted  through  the  rest  of  the  optical  system,  as 
though  it  had  originated  at  the  analytical  gap  (figure  6-6).  At  the  grating  the 
mercury  light  is  diffracted,  causing  characteristic  sperirum  lines  of  mercury 
to  appear  on  the  focal  curve. 

Because  the  reference  source  is  a-c  operated,  there  will  be  two  glow  re¬ 
gions  hat  are  excited  on  alternate  half  cycles  of  the  60-(  ps  line  voltage. 

These  glow  areas  are  confined  to  the  ends  of  the  tungsten  filaments.  At  the 
3126A  line  location  on  the  focal  curve,  the  two  glow  areas  of  the  source  are 
in  focus  and  separated  vertically  (Sirk's  focus).  Therefore,  the  upper  section 
of  the  focal  curve  receives  light  from  one  glow  area  during  one  half  cycle  and 
the  lower  section  receives  light  front  the  other  glow  region  during  the  next  half 
cycle. 
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A  special  offset  exit  slit  is  placed  on  the  focal  curve  to  accomnnodate 
spatially  modulated  mercury  light.  The  upper  opening  of  the  offset  slit  passes 
half  the  3126  A  spectrum  line's  top  portion  while  half  of  the  spectrum  line's 
lower  portion  is  passed  by  the  lower  opening  of  the  offset  slit. 

As  long  as  this  alignment  of  spectrum  line  and  offset  slit  is  maintained,  a 
photomultiplier  tube  placed  behind  the  offset  slit  "sees"  equal  amounts  of 
light  on  each  half  cycle,  and  the  tube's  output  current  contains  no  a-c  com¬ 
ponent  with  the  same  frequency  as  the  mercury  vapor  lamp  supply  (figure  6-7). 

If  an  optical  misalignment  causes  the'  mercury  line  to  move  laterally,  how¬ 
ever,  more  light  from  one  half  .cycle  will  strike  the  phototube.  Light  striking 
the  tube  during  the  other  half  cycle  will  be  diminished.  The  difference  in 
light  intensities  on  alternating  cycles  causes  an  a-c  component  to  flow  in  the 
phototube  circuit  (figure  6*  8  ).  This  signal  is  amplified  by  a  phase-sensitive 
servo  amplifier  and  causes  the  servo  motor  to  rotate  a  transparent,  refractive 
deflector  plate  which  optically  shifts  the  entrance  slit  laterally  until  the  60-cps 
photomultiplier  output  i.s  driven  to  .*ero.  The  calcium  fluoride  plate  is  rotated 
about  an  axis  parallel  to  the  length  of  the  entrance  .«ht. 

In  the  design  of  such  a  servo  monitor,  three  areas  arc  of  extreme  import¬ 
ance. 

a.  Choice  of  Reference  Line 

b.  Material  used  in  the  De(lect<>r  Plate 

c.  Differential  Light  Output  Characteristics  of  the  Clow  Areas  in  the 
Mercury  Vapor  Reference  Source 

Note:  Areas  (a)  and  (l»)  are  intimately  related 
and  will  be  discussed  together. 
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6.  1.  I.  2.  2  Deflector  Plate  --  As  previously  mentioned,  the  apparent 
lateral  shift  of  the  enU'ance  slit  (as  "seen"  by  the  offset  exit  slit)  is  accom¬ 
plished  optically  by  rotating  an  essentially  plane  parallel  plate  of  transparent 
refracting  material  about  an  axis  parallel  to  the  length  of  the  entrance  slit, 
such  that  the  mercury  light  from  the  monitor  reference  source  passes  through 
it.  In  actuality,  the  deflector  is  not  a  true  plane  parallel  plate  because  one 
surface  has  a  S-degree  wedge  angle  with  respect  to  the  other  parallel  side, 
thus  preventing  an  image  of  the  entrance  slit  from  falling  on  the  grating.  How¬ 
ever,  for  the  purpose  of  this  discussion,  the  plate  will  be  regarded  as  plane 
and  parallel  (figure  6-9  ).  Now  the  amount  of  displacement  d  is  relate  to 
the  angle  of  rotation  6,  the  index  of  refraction  n,  and  the  thickness,  t,  by  the 
formula 


n  t  tan  6*  sin  (6  -  6') 
sin  6 


(6-1) 


Since  the  lateral  displacement  d  is  dependent  on  the  index  of  refraction  of  the 
material  it  is  desirable  to  use  a  material  whose  index  is  cmiform  over  the 
2203  to  1300  A  wavelength  range.  Three  materials  meet  the  requirements 
ni  uniform  index  and  transparency. 

a.  Lithium  Fluoride 

b.  Calcium  Fluoride 

c-  Quartz 

Lithium  fluoride  iv  however  unacceptable  due  to  the  fact  that  it  discolors  upon 
ultraviolet  radiation,  thus  reducing  the  material  choice  to  eitlier  (b)  or  (c). 

Assuming  6  equals  S  degrees  and  d  equals  100  microns  and  substituting 
the  appropriate  index  values  at  3200  A  into  equation  (6-  1  },  the  required  thicK- 
nrss  of  quartz  is  3.  5  millimeters  while  that  of  calcium  fluoride  is  i.  tf)  milli¬ 
meters.  Now  since  the  index  of  both  materials  varies  with  wavelength,  it  is 
necessary  to  plot  displacement,  d.  against  wavelength  to  establish  the  possible 
displacement  errors  over  the  wavelength  range  vf  interest  (figure  6-  10). 
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placement  versus  Wavelength 


From  this  graph  it  can  be  seen  that  calcium  fluoride  is  much  less  wave¬ 
length  dependent  that  quartz  and  will  therefore  give  less  error  over  the  band. 
Further  consideration  of  the  graph  show  that  the  31 Z6  A  mercury  line  is  & 
suitable  choice  for  the  reference  line  since  it  minimizes  the  displacement 
errors  (2.  6  microns)  over  the  spectral  range  of  interest  and  lies  approxi¬ 
mately  in  the  center  of  the  spectrum. 

6.  1.  1.  2.  3  Monitor  Source  Balancing  --  As  the  monitor  servo  system  oper¬ 
ates  on  a  light  amplitude  comparison  and  balance  technique,  it  is  important 
that  all  differential  gain  or  amplitude  changes  he  kept  to  a  minimum.  This  is 
especially  important  in  the  case  of  the  mercury  vapor  lamp  where  any  differ¬ 
ential  light  output  change  in  the  two  glow  areas  can  cause  an  offset  error  in 
the  servo  alignment. 

With  all  filamentary  vapor  lamps,  it  is  possible  to  get  both  differential 
intensity  and  positional  changes  due  to  aging  and  heating.  A  light  output  bal¬ 
ancing  circuit  (figure  6-11)  has  therefore  been  included  in  the  design  to  main¬ 
tain  glow  balance  thus  improving  accuracy  and  decreasing  maintenance. 

By  means  of  a  beam  splitter,  a  portion  of  the  mercury  light  aimed  at  the 
servo  monitor  offset  slit  is  directed  to  a  photomultiplier  via  a  1000-micron 
wide  exit  slit.  The  photomultiplier  monitors  the  mercury  light  and  detects 
the  relative  intensities  of  the  glow  regions  The  output  of  the  photomultiplier 
then  passes  through  a  phase  detector.  If  the  two  glow  regions  are  of  equal 
intensity,  the  output  of  photomultiplier  is  as  in  A  (figure  6-12)  and  the  phase 
detector  output  is  zero.  However,  if  one  glow  region  is  brighter  than  the 
other,  the  output  is  as  in  B  (figure  6-12).  The  phase  detector  provides  a 
positive  d-c  output  if  the  detected  signal  is  in  phase  with  the  reference  and  a 
negative  output  for  an  out  of  phase  signal.  The  d-r  signal  is  amplified  in  a 
differential  amplifier  and  fed  back  to  the  lamp  filament.  The  output  of  the  d-c 
amplifier  adds  to  one  half  of  the  a-c  filament  drive  and  subtracts  from  the 
other  half  offsetting  the  difference  in  glow  intensities  (ligure  6-12). 
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Figure  6-1(2.  Output  of  Photomultiplier 


6.  1.  1.2.4  Servo  Amplifier  and  Drive  --  The  electromechanical  intercon¬ 
nection  of  the  servo  monitor  system  is  shown  in  figure  6-13.  Due  to  both  the 
low  output  level  of  the  photomultiplier  and  the  high  input  level  required  to 
drive  the  Kearfott  amplifier,  it  has  been  found  necessary  to  include  a  pre¬ 
amplifier  in  the  design-  Because  there  are  no  qualified  preamplifiers  com¬ 
mercially  available  that  meet  the  design  requirements,  this  unit  will  be  con¬ 
structed  by  Baird-Atomic.  A  schematic  ol  he  preamplifier  is  shown  in 
figure  6-13. 

With  the  exception  of  the  preamplifier,  standard  "off-the-shelf”  hardware 
will  be  used  throughout. 

6.  1.  1.  2.  5  Servo  Monitor  Mechanisms  --  The  folding  mirror  is  activated 
through  a  total  travel  of  45  degrees  by  a  Ledex  rotary  solenoid.  It  is  a  2- 
position  operation  limited  by  precision  adjustment  mechanical  stops.  The 
position  accuracy  is  designed  within  0  0001  inch.  Oierridc  .or  the  solenoid 
is  provided  by  a  torsion  spring  coupling  between  solenoid  and  mirror  shaft. 

The  calcium  fluoride  deflection  plate  is  activated  by  a  Kearfott  size  18 
servo  motor  with  integral  3230:1  stepdown  gearhead. 

maximum  travel  of  ±  25  degrees  is  provided  (laptcre  range)  and  is  read 
out  in  microns  liy  a  Veeder  Root  counter  driven  by  the  otlier  end  of  the  motor 
shaft.  In  order  to  achieve  a  readout  of  the  slit  image  at  the  focal  curve  in 
microns  a  speed  increase  is  provided  between  the  motor  and  counter.  This 
IS  a  simple  spur  gear  with  a  ratio  of  1:2.  23.  The  readout  ac  curacy  achieved 
is  better  than  99.  9  percent.  Backlash  effec  t  from  tlie  gearhead  is  eliminated 
by  torsion  spring  loading  the  detlector  plate  shaft.  This  is  accomplished 
through  "flex-pivots"  which  also  serve  as  bearings. 


6..1  1.  3  Tilt-Normal  Subsystem- -  A  tilt-normal  subsystem  has  been  included 
in  the  optical  head  design  in  order  to  provide  an  easy  yet  foolproof  optical  cali¬ 
bration  and  check  function.  The  subsystem  is  based  on  the  principle  of  intro¬ 
ducing  a  preset  and  accurately  controlled  amount  of  shift  of  the  3650A  mercury 
line  in  the  image  plane.  The  consequent  misalignment  of  the  line  image  with 
its  exit  slit  causes  the  associated  photomultiplier  output  signal  to  drop  to  some 
predetermined  known  ratio  of  the  original  photomultiplier  output  level.  In  the 
event  that  the  ratio  is  more  than  a  specified  predetermined  level  it  is  known 
that  the  3650A  line,  and  hence  the  entire  spectrum,  has  shifted  (figure  6-14). 
The  subs  stem  itself  produces  neither  the  magnitude  nor  sense  of  the  mis- 
alignment  just  a  visual  indication  that  there  is  indeed  misalignment.  However, 
absolute  values  of  optical  shift  can  be  determined  if  the  subsystem  is  used  in 
conjunction  with  the  servo  monitor  system,  Veeder  Root  readout  and  the 
lateral  grating  me  .nt  adjustment  This  is  achieved  by  rotating  the  grating 
about  its  vertical  axis,  first  jn  one  direction  and  then  in  the  other.  One 
direction  will  increase  the  tilt-normal  ratio  while  the  other  will  decrease 
it,  tliereby  providing  si'iise.  The  m  tgnitude  is  provided  in  a  similar  method. 

As  the  grating  is  rotated  the  servo  monitor  on  the  312hA  line  corrects  the 
calcium  fluoride  deflector  plate.  I’he  Veeder  Root  counter  indu  ites  direc¬ 
tly  in  microns  the  amount  of  <orrection  introduced  in  order  to  restore  the 
tilt normal  ratio  to  its  specified  va'lue  ''  his  subsystem  is  therelore  capable 
of  providing  a  precise  check  on  the  overall  optics  including  the  servo  The 
f'MKtional  schematic  is  shown  in  ligure  d-Jh. 

i'l.c  3f)S0.A  mercury  line  is  pr<jduct'd  by  the  servo  monitor  reference  source 
and  v.as  cl  isen  because  ot  its  high  intensity  and  the  fact  that  it  lay  on  the 
oppiisiie  side  of  the  mean  dispersim  angle  to  that  of  the  ll,ft>A  servo  monitor 
liiu‘,  thereby  providing  a  check  aiit  balance  on  the  servo  monitor  at  the  longer 
wavelengths 
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The  shift  of  the  3650A  line  is  achieved  by  rotating  a  plane  parallel  quart2 
plate  through  an  angle  of  3  degrees  resulting  in  a  25-micron  shift.  The  thick¬ 
ness  *of  the  plate  is  derived  from 

I  sin  6 _ 

^  n  tan  0'  sin  (6  -  6' ) 

where 

i  -  0.  025  millimeters 
0=3  degrees  (0. 0524  rads) 

O'  =  angle  of  reflected  ray 
n  =  1. 47456  {at  3fa50A) 

therefore 

t  =  1.47  millimeters 

The  quartz  plate  is  mounted  just  in  front  of  the  focal  curve  and  is  actuated 
by  means  of  a  Ledex  solenoid.  The  two  limit  positions  of  the  plate  are  con¬ 
trolled  by  precision  adjustment  mechanical  stops.  Solenoid  override  is  pro¬ 
vided  by  torsion  spring  coupling. 

6.  1 .  1.4  Focus  Servo  System 

6.  1.  1.4.  1  General  --  As  previously  mentioned  in  paragraph  4.  3.7  there  is  a 
a  0.  044  inch  change  in  exit  image  focal  point  due  to  expansion  and  cvinlractiun 
of  the  optical  base  over  the  specified  *  50'F  temperature  range  Change*,  of 
this  magnitude  can  result  in  considerable  system  inaccuracy.  The  first  ap¬ 
proach  to  the  solution  of  this  problem  was  to  temperature  stabilize  the  entire 
optical  head  assembly  by  means  of  electrical  heating  elements.  The  maximum 
operating  temperature  of  the  system  (130'F)  was  set  as  the  working  temperature 
of  the  optical  head,  thus  eliminating  the  need  for  a  cooling  system. 


A  preliminary  thermal  ar.alysis  was  performed  resulting  in  figure  6-16. 
When  this  data  was  reviewed  in  the  light  of  total  system  performance  there 
appeared  to  be  many  major  disadvantages  to  the  technique. 

a.  Warm-up  time  of  the  system  was  excessive. 

b.  Power  requirements  were  increased 

t.  l  ife  of  components  in  the  optical  head  was  reduced. 

d.  The  photomultiplier  tubes  would  be  continually  used  in  a  degraded 
condition  thereby  limiting  system  a«.  curacy. 

e  Added  conipli*.  ation  to  alignment  procedures 

On  the  basis  of  this  analysis,  this  design  approach  was  discarded. 

A  second  approach  based  upon  optica!  refocusing  techniques  proved  to  have 
none  of  the  previous  disadvantages  1  he  principle  ot  this  approach  is  as 
follows.  If  a  plane  parallel  transparent  plate  is  placed  in  a  beam  of  light 
coming  from  a  point.  P.  as  sluiwri,  tlu  apparent  plane  irom  which  the  rays 
are  conung  wil!  be  shifted  bv  refraction.  P*  ffigure 


Heating  fronn  Si  K  to  1^0“F 


Estimated  Heating  Requirements  for  the  Analyzer 
Optical  Head 


If  the  index  of  refraction  of  the  niatorial  is  n,  the  distance,  d,  by  which  the 
point  is  shifted  optically  is  related  to  the  plate  thickness  by  the  formula: 


I  "  J 

Table  6-1 


Value  for 


\ 

2265A 

> 

3020A 

3650A 

4340A 

Quartz 

0.  34344 

0. 3350 

0. 3278 

0.  3218 

0.  31829 

Calcium 

Fluoride 

0.  32324 

_ 

0. 31739 

0. 31225 

0. 30802 

0.  30554 

A  method  of  physically  implementing  this  technique  is  by  utilizing  two 
wedges  where  one  is  fixed  and  the  other  is  movable  (figure  6-18). 
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Figure  6-18.  Focus  S'  rvo  Optical  System 

By  sliding  th^  long  wedge  along  its  hypotenuse,  the  length  of  the  optical 
path  is  continuously  variable.  Since  the  entrance  and  exit  faces  are  per¬ 
pendicular  to  the  optical  axis,  no  lateral  displacement  will  take  place  at 
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these  surfaces.  However,  there  is  refraction  at  the  internal  surfaces  of  the 
wedges,  the  amount  of  which  is  dependent  on  the  separation  distance  and  the 
wavelength.  This  effect  can,  however,  be  neglected  if  the  separation  is  main¬ 
tained  constant  and  if  the  exit  slits  are  correctly  set  to  accommodate  the  con¬ 
stant  offset . 


By  the  simple  expedient  of  driving  the  long  wedge  from  a  temperature- 
dependent  10“ step,  open  loop  servo  focus  can  be  maintained  This  technique 
has  the  advantage  of  precision  while  being  insensitive  to  lateral  motion. 

6  1.  1.4.2  P'oeus  Servo  Optics- -Since  the  amount  of  optical  shift  introduced 
is  wavelength  dependent,  (see  table  6- H  it  is  desirable  to  use  a  material 
which  has  the  least  amount  of  dispersion.  For  this  reason  calcium  fluoride 
has  been  selected.  To  minimize  further  the  effects  of  dispersion  the  focus 
will  be  corrected  exactly  for  a  wavelength  such  that  the  chromatic  focusing 
error  is  equally  divided  at  the  position  of  maximum  correction.  To  find  this, 
take  a  value  of 


n  -  I 


“  0.314 


or  the  median  value  Using  the  formula 


d  t 


n  -  1 


This  becomes: 


t  - 


d  n 
n  -  1 


0. 088 
0.  314 


'  0 


281 


inch 


This  is  the  amount  of  calcmm  fluo'ride  which  must  be  added  between  the 
entrance  slit  and  the  grating  to  shift  the  focus  of  the  entrance  slit  by  0.088 
UH  h 
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The  angle,  a,  is  determined  by  the  length  of  travel  of  the  wedge: 
t 

sin  Q 

For  mechanical  reasons,  the  travel,  f,  has  been  set  at  2  inches.  Therefore, 

sin  Q  =  "  -  0.  1405 

a  =  8*  4  6' 

Since  the  fixed  wedge  must  be  0  500  inch  in  length  to  cover  the  length  of  the 
entrance  slit,  the  minimum  thin  ;ss  is: 

0.  5  X  tan  8®  4.  6'  =  0  0  <.  m  :h 

An  additional  0.  080  inch  has  been  added  for  mechanical  strength  at  the 
thin  end  of  the  wedge  to  avoid  a  fragile  section.^ 

The  total  thickness  now  becomes 

Minimum  0.152 

At  0  281 

Maximum  0,43  3 

6.  I.  I.  5  Sample  Stand  Assembly  --  Contained  in  this  assembly  are  the 
analytical  and  auxiliary  gaps  which  comprise  the  Michigan  Tandem  air  gap. 

The  gaps  are  located  in  a  cast  aluminum  housing  and  are  positioned  one  above  the 
other  with  the  analytical  gap  being  on  top.  Figure  6-19  .  Separating  the  gaps 
is  a  sheet  metal  baffle  which  prevents  light  from  the  auxiliary  gap  entering 
the  analytical  optical  system  and  also  reduces  the  velocity  of  the  air  passing 
over  the  analytical  gap.  The  air  supply  used  to  stabilise  the  auxiliary  gap 
enters  through  the  bottom  of  the  housing  and  is  directed  up  through  the  analyti¬ 
cal  gap  to  scavenge  toxic  fumes  which  are  ducted  out  through  the  top  of  the 
housing  a»ay  from  the  operator.  The  analytical  gap  utilizes  the  standard 
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Baird  -  Alomit  gap  selling  device.  After  each  run,  the  rotating  electrode  aitd 
fi.xed  electrode  are  replaced.  Once  the  new  electrodes  are  in  place,  simply 
by  pressing  a  lever,  the  correct  gap  spacing  is  set.  The  auxiliary  gap  spacing, 
and  hence  the  breaks  per  half  cycle,  are  adjusted  by  means  of  a  shaft  coming 
outside  of  the  housing  and  connected  to  a  control  knob  on  the  front  of  the  con¬ 
sole. 

The  door  by  which  samples  are  placed  in  the  analytical  gap  also  allows 
access  for  servicing  the  auxiliary  gap.  Located  in  the  door  are  two  shielded 
window.s  for  viewing  the  gaps  during  operation  The  door  is  fitted  with  radio 
frequeiu  y  interference  and  humidity  control  gasketing.  To  prevent  radio 
frequency  interference  from  rad.aiing  to  the  internal  elect r<»nicB ,  the  separa¬ 
tion  between  the  siiurce  housing  .ind  the  cabinet  is  sealed  with  a  flexible 
nietalUr  bool.  The  use  of  a  flexible  boot  eliminates  the  need  for  close  align- 
ment  of  the  optical  head  with  the  cabinet  during  assemoly  and  prevents  any 
mechanu.ii  stre-ses  being  set  up  beiwctu  the  optical  head  and  the  cabinet  • 

The  .source  assembly  is  l>olte<t  t  >  the  uptual  head  and  thermally  isolated 
from  it  to  preNwnt  teniper.ituce  graduoits  .iffecting  the  optical  alignment  of 
the  system  V  t<<  al  and  l.iter.U  .itiiustmctits  for  lining  up  the  analytual  gap 
w  ith  the  ent  r.cu  e  optics  are  lui  orp., rated  into  the  housing. 

In  addition  to  the  gaps,  the  sample  si.tnd  housing  c  v>ntains  two  optical 
»  omponent  .  naimlv  the  s,.,..|,daiy  mirror  and  the  entrance  leii .  Both  uf 
ll.'St  «  iements  ,ire  protecti'l  trom  oil  splatter  by  a  rpiart/  window.  These 
slide  into  pla»  <•  aii<!  are  easily  rem-wed  f.>r  periodu  cleaning 

rhe  procedure  tor  preparing  a  saniple  tor  analysis  is  as  tuUows; 

a  KtU  a  {  lean  l  eramii  boat  with  the  sample  oil 

b.  Plat  e  the  bo  t  cm  the  sample  stand.  , 

c  Slide  the  sample  stand  up  until  it  is  against  the  stop,  which  is  set  to 
position  the  rotating  electrode  .»!  the  proper  depth  in  the  oil. 
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6.  1.  1.6  Relay  Net\^^)rk  and  Integrator  As.^iembly  --  The  energy  derived  , 
from  the  radiant  energy  in  eai  h  spectral  line  i.s  .'■ufficient  to  cause  emission 
of  electrons  from  the  photoemi.ss ive  surfaces  of  the  photomultiplier  lubes. 
However,  a  fraction  of  the  total  photomultiplier  output  current  is  due  to 
dark-current  and  may  be  .signif.  ant  at  the  lower  concentration  levels.  This 
dark-current  is  very  much  a  function  of  the  operating  temperature  of  the  tube 
and  it  IS,  therefore,  desirable  to  separate  this  dark-current  from  tlie  signal 
current.  It  is,  furthermore,  also  ne«  essary  to  measure  the  average  signal 
current  in  order  to  reduce  the  effect  of  sho.'^t  term  instability  >n  the  source. 
Both  functions  are  obtained  by  iiiegrati..n  which  is  ac  coniphshed  by  storing  a 
charge  on  a  high  qualitv  cup'icitor. 

The  charge  c  c..it  ribul  lOu  due*  to  Uie  dark  larreut  is  cancelled  out  by  re- 
ver.sing  the  capacitor  and  integrating  the  dark-current  over  the  same  interval 
as  the  exposure  p  riod  In  order  to  average  out  .»mv  variation.^  in  the  dark- 
current  during  the  samide  burn  pcMiod,  it  is  necessary  to  repeat  the  reversal 
several  times.  Since  the  burn  time  cJetermined  !  v  s.i  ipling  the  voltage  on 
the  reference  capac  itor,  tsee  fiaragraph  »>.  I.  1),  the  turn  off  time  must 
necessarily  •>,  , m-  «ome  *m»e  dur>%cjj  ch*.  tc'  period.  Figure  6*  '6  illus¬ 

trates  the  pro.  ess  of  intc'gr.cM*-n  and  dark- «  u r rc*nf  c  am  ellation.  Ibnier  normal 
conditions,  the  r.icliaiion  w  II  be  t >•  rminated  in  tin*  middli-  >f  the  las!  exposure 
pcriorl.  A  quok  glance  at  tigurr  n- Jii  reveals  that  in  order  to  obtain,  on  the 
average,  complete  cancellaitcnt  >»f  tin*  dark-current,  the  preness  must  t>egin 
with  dark-current  subirac  t|.m  for  one  hall  ol  one  exposure  peruKi  It  »b-‘  burn 
timed#  then 

‘  i-N  •  'M„ 

w  he  re 

-  the  exposure  period 

N  the  numoer  of  rever  aU 
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In  a  practical  system,  the  transition  times  are  finite  and  since  the  exposure 
period  should  be  large  compared  with  the  transition  times,  there  is  an  upper 
limit  to  the  number  of  reversals.  This  system  is  designed  for  N  =  6  and  T  ' 

?,  seconds.  Therefore, 


Tj^  =  2Z  seconds 

At  the  end  of  this  period,  the  integrating  capacitor  must  be  disconnected  from 
the  photomultiplier  tube  to  prevent  further  integration  of  dark-current. 

Perfect  integration  by  a  capacitor  is  only  possible  if  there  is  no  leakage. 

Ary  shunt  conductam  e  will  result  in  an  error  in  the  output  voltage.  If  the 
time  constant,  T,  of  the  integrator  can  be  kept  high  enough  so  that  the  radiation 
time  is  small  compared  to  it,  the  error  c,.n  b^  approximated  by  a  linear  term 

2 

t 


Using  a  high  quality  capacitor  with  a  time  constant  of  25,  000  seconds  and 
assuming  an  additional  shunt  conductance  of  3  x  10  mhos,  this  error  will 
be  approximately  4.  2  millivolts.  ,Second  order  effect  are  lompletely  negli¬ 
gible.  Since  the  deviation  from  perfect  integration  over  the  range  of  interest 
can  be  very  well  approximated  by  a  linear  term,  (his  is  easily  compensated 
for  by  adjusting  the  .system  gain. 

In  ortler  lo  maintain  a  low  leakage  conductance,  the  switching  networks 
must  necessari  be  relay  networks.  The  relays  chosen  are  hermetically 
sealed  in  subminiature  crystal  ckns.  Figure  6-21  shows  a  schematic  of  the 
relay  network  and  integrator.  The  10-element  channels  and  the  one  reference 
channel  are  built  on  two  printed  cirt  uit  bo..rds  and  these  two  boards  and  tw  o 
unity  gain  amplifiers  are  packaged  in  one  humidity  sealed  can  shown  in  figure 
6-22.  The  photomultiplier  tubes  are  connected  ‘.o  the  respective  integrators 
through  miniature,  low-noise  coaxial  cables. 
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See  figure  6-35. 


» 


Figure  6-Z2.  Enclosures,  Relays  and  Amplifiers 


6.1.2  Expiration  Source  and  Power  Control 

t 

A  block  diagram  of  the  power  distribution  system  is  shown  in  figure  6-23 
with  all  switches  in  their  off  position.  The  photomultiplier  supply  switch 
SI  2  and  the  monitor  servo  sw  itch  S21  are  normally  c  losed  so  that  the  photo¬ 
multiplier  tubes  and  the  monitor  servo  are  working  normally  as  long  as  the 
main  circuit  breaker  is  closed.  It  is  desirable  to  maintain  the  high  voltage 
across  the  photomultiplier.s  so  as  to  improve  the  aging  characteristics  of 
the  tubes.  An  elapsed  time  indicaior  is  located  in  the  photomultiplier  power 
branch  sh.iwing  the  total  lime  that  the  equipment  has  operated. 

When  the  analyzer  is  turned  off,  three  vents  are  <  losed  to  prevent  humid 
air  from  entering  the  system.  These  vents  are  opened  by  the  motors,  Bl, 

B2,  and  B3,  as  soon  as  the  power  switch  is  turned  on.  Pow'er  is  supplied  to 
the  system,  however,  if  and  only  if  all  three  vents  are  completely  open.  A 
ready  light  indicates  when  the  vents  have  opened.  The  load  current  is 
carried  by  a  set  of  relay  conlac  ts  on  Kl  which  is  activated  by  three  normally 
open  limit  switches  on  the  vents.  Any  one  of  the  ten  access  panel  interlocks 
may  remove  power  to  the  system,  but  only  three  particular  high  voltage  inter¬ 
locks  will  turn  off  the  photomultipliers. 

Unregulated  power  is  supplied  to  the  disc  electrode  motor,  the  scope,  and 
the  blower  motor  after  the  temperature  inside  the  analyzer  reaches  a  pre¬ 
determined  temperature,  Regulatc'ci  power  is  supplied  to  the  servo  mercury 
lamp  and  to  all  the  electronic  power  supplies  through  another  ON-OFF  switch 
S20.  Regulated  power  is  further  supplied  to  the  high  voltage  supply  for  the 
source  through  the  contacts  of  relay,  K2.  This  relay  may  be  activated  by  a 
source  setup  switch  for  the  purpose  of  adjusting  the  number  of  breaks  per 
half  eye’**  '■  ithoul  having  to  turn  on  the  electronics.  The  program  timer  will 
also  control  this  relay.  If  the  elec  Ironic  le.  i  switch  is  opened,  the  elec  tronic# 
will  function  normally  without  power  to  the  source. 
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Power  Distribution,  Block 


When  the  power  "OFf'"  switch  is  pressed,  power  is  inimediately  removed 
irot’i  the  operational  system  but  is  continued  to  be  supplied  to  the  three  vent 
motors  through  normally  closed  limit  switches.  These  motors  will  now  close 
the  vents  again  and  then  turn  themselves  off. 

Other  functions  indicated  on  the  dr-  .ing  are  line  filters,  photomultipliers, 
tilt-normal,  monitor  servo,  source  and  reference  Ledex,  and  program  timer 
and  control.  Since  all  these  functions  have  been  discussed  thoroughly  in  other 
paragraphs,  they  will  not  be  covered  here. 

6.  1.  1  Power  Budget  --  The  calculated  maximum  power  for  the  Base 

Level  Analyser  design  is  shown  in  figure  6-24. 
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6.13  Electronic  Signal  Process ing  System 


The  specifications  for  the  analyzer  require  that  the  concentration  levels 
be  presented  in  digital  readout  directly  in  parts  per  million.  Since  ten  or 
more  contaminants  are  to  be  an.tlyzed  simultaneously ,  ten  or  more  3~digit 
readouts  are  required  unless  the  mforniation  is  placed  in  temporary  storage 
and  read  out  one  at  a  time  under  the  direction  of  the  operator.  It  was  de¬ 
cided  that  the  temporary  storage  approach  had  many  advantages,  namely  an 
instrument  with  only  one  display  would  be  muca  easier  to  read  and  Since  this 
approach  also  would  demand  fewer  electronic  components,  the  system  would 
be  smaller  and  more  economical.  A  system  of  this  kind  would  als6  be  more 
flexible  for  future  modifications.  It  is  possible  to  expand  to  more  than  10 
elements  without  having  to  add  another  display  for  each  element  and  with  the 
information  readily  available  in  serial  form,  the  system  may  very  easily  be 
modified  for  completely  automatic  readout. 

Due  to  the  fact  that  nearly  all  the  elemental  photomultiplier  outputs  are 
nonlinear  with  respect  to  coiu  eat  ration,  there  is  a  need  for  some  ncsilinear 
compensation  in  the  system  transfer  function-  This  compensation  is  readily 
obtainable  by  inclusions  of  semiconduc  tor  diodes  in  the  feedback  loop  of  an  . 
operational  amplifier  From  statistical  data  on  7H08  oil.  it  is  apparent  that 
no  mure  than  three  diodes  will  tie  needed  in  any  one  channel.  Since  every 
channel  requires  ditfvrent  amounts  of  compensation  and  different  amounts  of 
gain  due  to  changes  in  photomultiplier  .sensitivity  with  respcc^t  to  line  wave¬ 
length,  there  is  a  separate  shaping  network  for  every  channel.  However, 
these*  networks  may  be  switc  hed  at  ross  one  operational  amplifier  in  a  se- 
ciucntial  manner,  since  only  one  integrator  is  read  at  one  time. 

In  order  to  minimi.*e  the  err-tr  due  to  leakage  across  the  ipfegCAtors,  it 
is  desirable  to  convert  and  store  the  information  in  digital  form  as  soon  as 
possible.  For  the  same  re.ison.  it  is  desirable  to  maintain  as  low  a  leakage 
as  possible 
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The  impedance  level  of  the  feedback  networks  across  the  operational 
amplifier  are  finite  and  in  order  to  minimize  an  error  due  to  the  input  leakage 
current,  the  driving  source  impedance  must  be  rather  low.  In  order  to  mini- 
mize  both  sources  ol  error,  it  is  necessary  to  include  a  high  input  impedance, 
unity  gain  buffer  amplifier  between  the  integrator  and  the  operational  ampli¬ 
fier.  The  error  *iae  to  leakage  may  now  be  approximated  by  a  linear  term 
again, 


lie 


t 

Assuming  the  s.ime  time  constant  as  that  for  the  reference  channel  and  allot¬ 
ting  a  generous  time  of  one  second  for  all  conversions,  this  error  is  only  7 
microvolts  and  may  hence  be  ignored. 

A  separate  unity  gain  ouffer  amplifier  has  been  included  for  the  reference 
channel  since  the  input  impedance  of  the  analog-to-digital  converter  is  also 
rather  low..  It  may  be  po.s.sible,  in  the  final  system,  to  (  ombine  these  two 
buffer  amplifiers  sim  e  only  one  amplifier  need  work  at  one  time.  As  men¬ 
tioned  earlier,  both  unity  gam  amplifiers  and  the  integrators  are  packaged 
together  in  one  humidity  scaled  box  This  was  done  to  keep  all  high  imped¬ 
ance  circuits  free  of  moisture. 

Figure  6-^5shows  a  block  diagram  of  the  elect.. >nic  ‘.•ystem  for  the  analyzer. 
In  what  follows,  a  short  description  ot  the  operation  i.s  given,  more  detailed 
description  of  the  importent  subsystems  are  given  in  the  subsequent  sections. 
The  radUnt  energy  reaching  the  photomultiplier  tubes  cause  emission  of 
electrons  from  the  photo-emissive  surfaces  of  the  tubes  and  the  output  currents 
will  be  functions  of  the  couv entration  •>(  the  respective  contaminants  in  the  oil. 
rhesc  currents  arc  integrated  and  stfired  temporarily  on  high  quality  capaci¬ 
tors.  The  voltage  on  the  reference  capacitor  is  continuously  sampled  and 
analog-to-digital  converted.  When  this  voltage  reads  9.92  volts,  a  pulse  is 
generated  which  stops  all  further  integration  and  gives  a  signal  to  the  program 
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timer  to  start  digitizing  the  ten  integrator  outputs.  The  program  timer  also 
controls  the  transfer  of  the  digital  words  to  the  correct  register.  After  one 
second,  all  information  has  been  stored  in  the  registers  and  the  program 
timer  turns  itself  off.  From  now  on  the  readout  is  under  the  control  of  the 
operator.  Any  one  of  the  registers  may  be  loaded  into  a  countdown  accumu¬ 
lator  by  depressing  a  button  on  the  control  panel.  A  zero  detector  turns  the 
pulse  generator  off  when  the  accumulator  is  empty.  In  less  than  50  milli¬ 
seconds  the  information  is  displayed  on  a  3-digit  Nixie  display.  The  same 
information  may  be  read  out  any  number  of  time’s  since  the  registers  are  not 
reset  until  a  new  cy<  le  has  been  started. 

i 

f>.  1.3.  1  Program  Timer  --  The  electronic  brain  of  the  system  (figure  6-26 
is  the  program  timer.  All  timing  and  switching  depend  upon  the  proper 
operation  of  this  subsystem.  Fortunately,  the  program  timer  is  not  very 
complex.  The  sample  analysis  begins  when  the  start  button,  S27,  is  depressed 
and  at  this  time  it  is  important  that  all  digital  circuits  are  in  their  proper 
state.  Since  the  first  eight  seconds  after  start  is  allocated  for  preburn  ^  jriod. 
the  start  button  is  used  to  reset  all  registers  and  readout  circuits.  The  de¬ 
coding  matrix  and  its  assc»(  lated  4-hit  counter  automatic  ally  resets  itself 
after  one  se.ond  and  hence  presents  no  problem.  It  is  necessary,  however, 
to  reset  '.he  first  i-bit  counter  and  two  RS  flip-flops,  AlAI  and  A1A3.  after 
the  power  is  first  turned  on  ami  before  the  start  button  is  depressed.  The 
system  clear,  shown  in  figure  6-?7  .  automatically  resets  these  circuits  a 
few  seconds  after  the  power  ts  first  turned  on.  The  Mystem  will  continue  to 
be  in  its  proper  state  as  long  as  the  power  is  ou 

The  servo  monitor  system,  described  in  paragraph  6.  I.  1. 2,  has  an  act¬ 
uated  folding  mirror  in  front  of  the  entrance  slit  which  is  cuntrolled  by  a 
Ledex  switch.  Normally  this  mirror  t*  in  the  open  position  and  is  closed 
(*  iring  the  burning  process.  Another  Ledex  switch  which  controls  ths  dark- 
current  cnncellation  shutter  in  fr  >iu  of  the  sopres  is  normally  closed  and  is 
opened  only  during  the  exposure  periods.  When  the  start  button  Is  depressed. 


System  Clear,  Schematic  Diagram 


both  flip-flcps,  AlAl  and  .A1A2.  are  set  up.  Flip-Clop  AIAl  starts  the 
1 -second  timer  and  cnergi/.es  relay  A6KI  which  in  turn  supplies  power  to 
svsilch  S24  and  the  source  Ledex  switch,  it  shoaid  be  noted,  however,  that; 
power  ;is  supplied  to  (he  source  Letlex  switch  if  and  only  if  relay  A6K2  is 
energized.  This  relay  is  only  energized  only  during  exposure  periods  cyidi^ifi 
the  control  of  the  3 -bit' t  ounte r.  Since  S24  is  riGimaily  closed,  appiic.atic^  pf 
power  to  this  switch  causes  the  arc-like  spark  to  be  ignited:  Flip-flop  AIAZ  , 
eni-rgi/cs  all  D  rel.iys  which  remove  ‘he  shorts  ac  ros?  the  integrating  capaci* 
tors  during  the  .burning  period.  At  the  end  of  the  pre burn  period,-  eight  sec¬ 
onds,  t  lip- tiop  Ai  A 1  IS  set  up  This  (iip-llop  etiergizes  all  M  relays  which 
connect  the  integrating  capacitors  tp  the  photomultiplier  lubes  via  reversing  ■ 
relays,  and  also  enables  the  AND  gate...  such  that  a  2-secpnd  square  wave  will 
energize  the  R  relays  and  A6K2  during  every  exposure  period,  A  decoder 
in  the  analog-to-digital  converter  detects  when  the  voltage  bn  the  reference 
capacitor  reaches  ?.92  voiis  and  generates  a  pulse  which  resets  flip-flops 
.Al  A  1  and  A  1  A3,  and  the  3-bit  counter  and  al.so  .sets  up  flip-flop  A1A4-  At 
this  time  a.l}  integrating  i  apac itors  a  re  completely  disconnected  f  rom  other 
circuits  and  the  Jv.u  Ledex  switches  are  restored  to  their  normal  position. 
F'lip-flop  AI.A4  .starts  the  I  00- mil  1  isec  ono  timer  and  the  decoding  matrix  in 
conjunction  with  the  4-bit  counter  will  operate  the  C  relays  sequentially.  The 
C  relays  connect  the  integrating  capacitors  tu  the  buffer  amplifier,  connect 
appropriate  feed-back  networks  to  the  operat.onal  amplifrer,  and  select  the 
correct  storage  register.  When  all  capacitors  have  been  sampled  and  analbg- 
to-digital  converted,  a  pulse  is  generated  w-hich  resets  the  rest  of  the  program 
timer.  The  system  is  now  under  control  of  the  operator  for  manual  readout. 

The  logic  diagram  *'or  the  decoding  n<atrix  is  shown  in  figure  6-28  and  is 
self-explanatory.  Circuit  diagrams  for  the  two  timers  are  shown  in  figure  6-29 

The.  timing  is  controlled  by  a  urnjunction  transistor  relaxation,  oscillator 
which  ha.s  been  designed  to  be  very  temperature  stable. 
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6.  1.3.  2  Relay  Network  and  Shaping  --  The  gain  of  a  photomultiplier  tube 
is  a  very  sensitive  function  of  the  dynocle  voltage.  For  a  9-dynode  tube, 
(like  those  used  in  the  analyzer),  it  is  easy  to  show  that  the  sensitivity  is 


dG  ^ 

G  ^  ^  V 

where 

G  =  the  nominal  gam  with  a  dynode  voltage  V 

Even  though  the  supply  voltage  may  be  regulated  to  a  small  fraction  of  one 
percent,  the  percent  change  in  gain  will  be  approximately  nine  times  higher. 
For  example,  if  the  supply  voltage  is  regulated  to  'Aithin  0.  03  percent,  the 
gain  will  change  by  approximately  0.  27  percent.  For  an  output  voltage  of 
10  volts,’  this  means  an  error  of  27  millivolts  and.  as  will  be  shown  in  the 
section  on  analog-to-digital  c  onverter,  this  is  equivalcnit  to  one  pari  per 
million.  Even  more  senous  is  the  change  in  gain  with  age.  Over  the  lifetime 
of  the  tube  the  nominal  gain  may  change  by  more  than  two. 


Since  the  voltage  on  the  integrating  capacitors  represent  the  concentration 
of  the  contaminants,  it  is  important  that  the  system  transfer  function  be  in¬ 
dependent  of  'he  photomultiplier  gam.  For  this  reason  a  rc'ference  c  haniud 
has  Vieen  added  which  integrates  the  current  due  to  fixed  backgrounii  radiant 
energy.  The  voltage  across  the  reterence  capacitor  i.s  then 


T 


c 


a 


T 


where 

Kj^  includes  the  quantum  effu  leiicy  and  the  sensitivity  of  the  photoemissivc* 
surface  to  the  particular  wavelength  in  question 

-  the  multiplier  tube  gain 

T  '•  the  total  time  of  integration 
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Solving  for  this  time, 


T 


For  a  fixed  value  of  V  ,  it  is  seen  that  the  time  of  integration  varies  directly 

R 

as  the  gain.  For  any  of  the  other  channels,  the  output  voltage  is  • 


V 

X 


I  K  G  C„ 

X  r  X  X  R  R 

C  "  C  K  G 
X  X  R  R 


This  equation  shows  that  the  unknown  value  of  the  voltages  depend  on  the  ratio 
of  the  photomultiplier  tube  gams  and  the  accuracy  has  been  greatly  increased. 
Each  photomultiplier  has  its  own  gain  control  so  that  all  photomultipliers  can 
be  set  to  have  equal  gain.  It  may  be  necessary  to  readjust  these  gains  at  in¬ 
frequent  intervals  over  the  lifetime  of  the  tubes.  The  output  voltage  may  now 
be  written 


V  =  K  (N  =  1,2, . .  10) 

X  N 

where  depends  only  on  the  radiant  energy  of  the  particular  line  and  the 
sensitivity  of  the  photoemissive  surface  to  the  wavelength  of  the  line.  For 
this  analyser  the  wavelength  varies, from  2203  to  1300  A  and  over  this  band 
the  sensitivity  varies  approximately  30  percent.  Furthermore,  the  radiant 
energy  of  any  line  is  not  only  dependent  upon  the  concentration  but  also  upon 
the  chemical  element  being  analy/.ed.  These  factors  demand  that  the  gain  of 
each  channel  be  different.  This  is  readily  accomplished  by  switching  in  ap¬ 
propriate  resistive  networks  across  an  operational  amplifier.  These  networks 
are,  unfortunately,  further  complicated  due  to  the  fact  that  for  some  elements,  « 

K.,  is  not  a  linear  function  of  concentration.  Fur  these  elements  diodes  are 
N 

incorporated  in  the  feedback  loop  to  achieve  non-linear  compensation.  Figure 
6-30  shows  a  typical  network.  Resistors.  RI  and  R2,  adjust  the  break  points 
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Fiijiirf  6.30.  Nonlinear  Connpensation 


Figure  6>3t.  Typical  Transfer  Function 


of  the  transfer  lu  ‘Ctvon  shown  on  figure  6-31,  Resistor,  R3,  adjusts  the 
quiescent  input  ol;age  such  that  it  not  only  compensates  for  the  amplifier 
input  offset  voltage  in  each  channel.  Figure  6-31  indicates  that  it  requires 
a  finite  input  voltage  before  the  output  goes  through  zero.  The  only  things 
this  simple  network  does  not  compensate  for  are  the  temperature  dependent 
terms  of  the  input  offset  voltage  and  leakage  current.  Over  the  operating 
temperature,  0  to  ^0®C  the  input  offset  voltage  changes  typically  ±  75  micro¬ 
volts  with  a  maximum  of  ±  300  mu  rovolts.  With  a  driving  point  impedance  of 
20  kikihms,  the  input  voltage  changes  typically  ±  100  microvolts  with  a  maxi¬ 
mum  of  *  300  microvolts  due  to  input  leakage  current. 

6.  1.  3.  3  Analog-to-Digital  Converter  --  The  data  which  has  been  stored 
temporarily  as  charge  on  high  quality  capacitors  must  be  digitized  and  stored 
in  flip-flop  registers  as  soon  as  possible  in  order  to  reduce  errors  due  to 
leakage.  It  has  been  shown  in  paragraph  6.  1.  3  that  a  total  conversion  time  of 
1 -second  results  in  a  maximum  voltage  change  ol  seven  mit  rovolts  which  is 
iHigligible.  In  order  tv)  provide  a  I -part -per -mi  11  ion  resolution,  a  9-bit 
analog-to-digital  converter  is  required.  The  .system  transfer  function  has 
been  adjusted  siu  h  that  a  nia.vimum  com  eiitration  of  500  parts  per  million  of 
any  element  will  result  m  a  lU-volt  vuitput.  The  quantizing  steps  are  then  20 
millivolts. 

In  order  to  make  sure  that  all  transients  have  died  out  after  the  capacitors 
have  been  switched  in,  a  30-milliMM  ond  dehty  has  been  included  in  the  analog- 
to-digital  c«»nverter  leaving  70  milhset  onds  ittr  one  •  oiiversum.  A  7-kiIocycle 
os(  illatur  IS  all  that  is  needed  to  complete  the  9-btt  i  inversion  in  this  time, 
but  in  order  to  maintain  sufficient  margin,  a  50-kiloiytle  rioik  rate  was 
selected.  Even  5U  kilocyt  le  rate  is  very  shm  in  digital  machines  and  it  makes 
it  possible  to  chouse  the  simplest  counter  type  converter  for  this  project.  A 
logic  diagram  is  shown  in  figure  6-32  The  lO-voli  reference  supply  is  very 
stable  and  has  a  drift  over  the  temperature  range  ot  les.s  than  one  millivolts. 
The  comparator  itself  is  accurate  to  one  millivolt,  thus,  providing  an  analog- 
lo-digital  converter  with  I  paVt  per  million  resolution  and  0.  1  part  per  million 
accuracy 
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6.  1.  3.4  Data  Storage  --  To  provide  a  compatible  system,  the  storage 
device  for  the  analyser  data  v/ill  be  10  9-bit  flip-flop  registers.  The  digitised 
word  in  the  analog-to-digital  converter  is  wired  to  the  input  gates  of  ail  10 
registers  in  parallel.  The  decoding  matrix  in  the  program  timer  provides 
pulses  to  transfer  the  data  to  the  appropriate  register.  Figure  6-33  shows 
a  logic  diagram  of  the  registers.  This  drawing  is  self-explanatory.  • 

6.  1.  3.  5  Readout  --  Any  one  of  the  registers  may  be  transferred  to  the 

s 

countdown  accumulator  by  depressing  a  button  on  the  control  panel.  When  a 
button  IS  depressed,  a  gating  voltage  is  applied  to  the  appropriate  transfer 
gate  as  indicated  in  figure  b-3  4.  At  the  same  time  a  gate  is  opened  for  the 
pulse  generator  to  start  the  lountdown.  When  the  accumulator  reaches  aero, 
a  pulse  IS  generated  which  turns  off  the  pulse  generator.  A  decade  counter  has 
counted  the  number  of  pulses  necessary  to  clear  the  accumulator  and  at  the 
coiTipletion.  which  takes  less  than  10  milliseconds,  the  resulf  is  displayed  on 
1  Ni.\ie  tubes  directly  in  part.s  per  million.  ThivS  circuit  is  also  self-explanatory. 

6.  1.  3.6  Fler'ronu  Hai  kaging  --  The  electronic  .system  is  divided  into  three 
nil  chanical  assemblies; 

a  Relay  Network  and  integrator  Assembly 

b.  Signal  Shaping.  Analog- t>i«nigital  Converter  and  Headviut  Logic  Assembly 

c.  Power  Supply  Chassis 

The  relay  network  and  integr.itor  assembly  electionus  will  be  mnunicH  on 
lour  S-irivh  x  K-mc  h  prtnte4  circuit  cards.  The  cards  will  be  placed  in  a  sealed 
housing  purged  of  all  air  and  filled  wuh  dry  nitrogen  to  muumi/e  the  affects  of 
humidity  on  the  storage  vapantorM.  The  assembly  will  be  located  directly  be¬ 
neath  the  photomultiplier  tubes,  keeping  lead  lengths  frorn  the  tubes  to  the 
storage  capacitors  to  a  minimum  (figure  t>-36).  ^ 

Signal  shaping,  analog-to-digital  converter  and  readout  logic  assembly  con¬ 
sists  of  a  rectangular  open  frame  box  formed  from  extruded  angle,  to  which 
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standard  printed  circuit  card  hardware  is  added,  sufficient  for  accepting  100 
3-l/2-inch  x  !i-inch  plug-in  cards.  When  the  access  panel  is  removed,  the 
connector  end  of  the  card  is  exposed.  The  terminals  on  the  connector  will  be 
marked  and  can  be  used  as  test  points.  To  remove  a  card  or  get  at  the  signal 
shaping  potentiometer,  the  entire  assembly  swings  out  by  means  of  a  hinge 
about  a  vertical  axis.  Two  snap  slide  fasteners  hold  the  assembly  in  the  re¬ 
tracted  position  (figure  6-36)-. 


Ail  the  power  supplies  are  mounted  on  a  single  chassis  and  can  be  removed 
as  a  unit.  Power  supply  lest  points  are  located  behind  the  same  access  panel 
which  covers  the  signal  shaping  electronics  assembly  (figure  b-37). 

6.1.4  System  Mechanical  Design 

The  principal  mechanical  design  criteria  are: 

a.  MIL-Specification  Requirements  for  Ground  Support  Equipment 

b.  Isolation  from  Environmental  Influence 

c.  Simple  Operation  Servicing  and  Maintenance 

6.  1.4.  1  Design  Considerations  Based  on  Environmental  Conditions  -  -  All 
components  are  designed  to  withstand  MIL-Specification  conditions  ior  Class 
111  sheltered  electronic  ground  support  equipment  per  MIL-STD-810  which 
specifies  ; 

a.  Humidity  (Method  507) 

Relative  humidity  of  95  percent  at  71®C  (nonoperating) 

b.  Temperature  (Method  501  and  502) 

Operating;  O'C  to  55"C 
Survival;  62 "C  to  71’'C 

c.  Shock  (Method  516,  Procedure  11) 

30  g's  in  both  directions  along  three  perpendicular  axes. 

d.  Vibration  (Method  514) 

15  to  26  cps  at  1.3  g's 

26  to  50  cps  at  0.  036  double  amplitude 
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6.  1.  4.  1.  1  Humidity  --  Humidity  is  only  a  problem  in  that  condensation  on 
the  optical  elements  and  certain  electronic  components  would  seriously  im¬ 
pair  their  performance.  In  some  installations  it  may  be  necessary  to  draw 
upon  exterior  air  for  both  the  auxiliary  gap  air  supply  and  general  cooling 
in  order  to  comply  with  the  explosion  hazard  requirements.  Humidity  control 
is  especially  critical  under  this  condition.  Several  approaches  are  possible. 

Dehumidifiers  are  a  logical  approach.  Two  types  are  available:  absorp¬ 
tion  and  cold  coil.  The  standard  absorption  equipment  heats  the  air  under 
some  conditiotis  which  obviously  reduces  its  cooling  capacity.  The  cold  coil 
type  requires  either  a  cold  water  supply  or  an  active  refrigeration  system  with 
attendant  maintena>  ce  problems,  complexity,  and  cost,  further  a  condensate 
drain  is  required. 

Sealing  the  equipment  and  enclosing  an  air  conditioner  as  a  closed  loop 
system  is  another  solution  but  maintenance,  complexity,  weight,  and  cost  are 
disadvantages  here  also. 

The  design  ustd  was  selected  for  simplicity  and  effectiveness  throughout 
the  operating  requirements.  It  is  based  on  temperature  control  combined 
with  a  desiccant  which  is  automatically  reconstituted.  The  cooling  fan  operates 
only  when  the  equipment  temperature  exceeds  90*F  which  maintains  equip¬ 
ment  at  temperatures  above  the  dew-point  of  intake  air  at  !  30"F  and  25  percent 
relative  humidity  fthe  apparent  worst  case  condition). 

Formulation  of  conde.nsation  in  the  equipment* when  shut  down  is  averted  by 
automatic  close  off  of  all  ports.  Desiccant  containers  are  strategically  located 
within  the  cabinet  to  absorb  ei^trapped  moisture  during  shut  down.  Their 
placement  is  such  that  they  effectively  protect  the  vital  components  and  also 
are  in  the  hottest  sections  of  the  cooling  ait  so  that  they  are  regenerated  during 
operation,  li  necessary  they  will  electric  «Uy  regenerated  with  automatic 
control. 


6.  1. 4.  1.  2  Temperature  --  There  are  two  areas  which,  due  to  different 
temperature  control  requirements,  must  be  treated  separately: 

a.  Optical  Head  Area 

b.  Support  Equipment  Area 

Physically,  the  optical  head  area  consists  of  the  entire  upper  half  of  the  con¬ 
sole  and  the  support  equipment  area  is  the  lower  half  of  the  console  (figure  3«3). 

t 

In  the  optical  head,  temperature  gradients  are  the  major  design  concern, 
whereas  in  the  support  equipment  area  the  temperature  must  be  kept  within 
the  designed  operating  range  of  the  components. 

Thermal  control  of  the  optical  head  consists  of  minimizing  heat  sources 
that  would  impart  mechanical  distortions  into  jthe  optical  housing,  thus  dis¬ 
turbing  the  optical  alignment  of  the  system.  It  is  not  necessary  that  the  tem¬ 
perature  of  the  optical  head  be  kept  fixed,  but  that  thermal  gradients  must  be 
held  at  a  minimum  over  the  entire  optical  head. 

Those  effects  are  controlled  by; 

a.  The  high  thermal  conductivity  of  the  aluminum  as  the  housing  material 
allows  the  optical  he.id  to  rcai  h  thermal  equilibrium  rapidly. 

b.  Since  the  thermal  mass  of  the  viptical  housing  is  large,  its  thermal 
time  constant  is  high.  This  results  in  slow  change  m  housing  temperature 
for  large  shifts  in  surrounding  air  temperature. 

c.  In  order  to  minimi/e  rapid  changes  of  air  temperature  around  the  head, 
both  the  optical  head  and  the  cabinet  interior  are  thermally  irsuUted  so  as  to 
isolate  the  optical  head. 

The  average  heat  generated  m  the  support  equipment  area  is  about  1000  watts. 
Considering  the  maximum  operating  temperature  of  liO*F  and  limiting  the 
temperature  of  the  exhaust  air  in  I50‘F,  \he  volume  of  air  required  for  cooling 
purposes  is  approximately: 
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In  order  to  overcome  back  pressures  caused  by  the  restricted  air  intake 
and  ducting  requirements,  a  rentritugal  type  blower  is  used.  The  Rotron 
Model  D  type  blower  is  best  suited  tor  this  application. 

As  discussed  in  the  humidity  control  section,  the  blower  will  be  thermo¬ 
statically  controlled  to  go  "on  and  off"  at  a  specific  temperature. 

Cooling  air  will  be  brought  in  throuj.h  the  right  side  of  the  console,  across 
a  dust  fitter,  circulated  in  the  support  equipment  area,  past  the  desiccant  and 
out  through  an  exhaust  port  on  the  left  side  of  the  console. 

6.  1.4.  1.  3  Shock  and  Vibraiton  --  Test  conditions  prescribed  in  MlL-STD-810 
specify  for  this  weight  equipment: 

Shock  -  (per  Method  51b.  paragraph  4,  Procedure  11) 

30  g  half-sine  II  minisrctmd  duration  pulse  applied  in  both  direc¬ 
tions  along  three  mutually  perpendicular  axes. 

Vibration  -  (per  Method  514,  Class  b.  nioiinting  "B",  paragraph  5-  6) 

15  to  2b  cps  at  1  •  3  g 

2b  to  50  cps  at  0.03b  double  amplitude 

A  fragility  level  of  10  g's  was  set  as  a  design  guide  for  maximum  shock 


transmission. 


In  order  to  v^^ithstand  these  specifications,  a  study  showed  that  mounts  with 
a  natural  frequency  of  8 to  10  cps  loaded,  transmissibility  below  four,  and  a 
deflection  of  1-1/2  inches  uould  be  required. 

A  set  of  isolators,  one  in  each  corner  of  the  base  of  the  console,  is  sufficient 
to  meet  the  specification.  However,  since  the  center  of  gravity  of  the  unit 
must  be  located  high  above  the  mounts,  clearances  for  large  excursions  must 
be  allowed  for  in  the  trarsit  ca.se  size,  especially  in  console  depth.  In  order 
to  reduce  these  excursions,  a  set  of  supplementary  isolators  are  located  on 
the  rear  of  the  console  (figure  6-38). 

Supplementary' is«ilators  are  functioning  only  when  the  oil  analyzer  is  in  a 
transit  <  ohdition  vcith  the  shroud  in  place.  During  operation,  only  the  base 
isolator>  are  functioning. 

In  order  to  support  the  Io.»ds  imposed  by  the  optical  b«£d,  because  of  its 
weight  and  location  in  the  system,  a  welded  structural  frame  of  square  alumi¬ 
num  tubing  was  desigr.c  i.  At!  the  loads  are  transferred  to  the  isolators  through 
the  strtM  tural  frame  (figure  b-3’>). 

6.  1  ^.2  ^  lo  Frequency  IntcrlerciM  e  -*  To  provide  effective  radio  frequency 

interference  control,  shielding  for  both  internal  and  e!<.iernal  electronics  was 
carefully  designed.  To  reduce  the  radiation  to  the  levels  required  in  Ka! I*- 1- 26600. 
double  shielding  was  required.  A  ground  terminal  nuffit lently  large  to  accept 
a  i-inch  wide  gr>>unding  «itra|>  is  pr.wided  as  part  oi  the  equipment. 

A  good  ground  iS  absoluteli^'  essential  to  radio  frequency  interference  control- 

All  possible  leakage  paths  in  the  console  are  shielded,  in  addition  the  eourre 
supply  IS  double  shielded  (figure  6-401.  Two  sides  are  replaced  with  wire 
mesh  to  allow  tor  circulation  of  c^..  ding  air.  The  analytical  and  auxiliary  gap 
housing  IS  shielded  from  the  internal  electronics  and  the  viewing  windows  are 
covered  back  and  front  with  mesh  til  intakes  ^nd  exhaust  parts  are  shielded 
with  metal  honeycomb  and  ih  >  back  <»f  the  control  panel  is  fitted  with  a  rover 
which  reduces  radio  frequent  y  :nlerfererce  leakage  through  the  controls. 
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Figure  6-38.  Transit  Case  Assembly 


Access  panels  and  doors  are  fitted  with  combination  radio  frequency 
interference  and  fluid  gasketing.  If  is  important  that  radio  frequency  inter¬ 
ference  gasket  seals  be  free  of  oxidation  and  that  they  be  good  electricafl 
conductors. 

All  aluminum  surfaces  will  be  coated  with  Iridite  no.  14  which  is  an  excel- 
lent  corrosion  inhibition  for  aluminum  and  a  very  good  electrical  conductor. 

6.  1. 4.  3  Mechanical  Description  --  The  console  has  been  designed  to  con¬ 
form  as  closely  as  possible  to  the  human  engineering  design  criteria  set  forth 
in  MIL-STD-803A-1. 

After  reviewing  the  procedure  for  preparing,  analyzing,  and  recording  an 
oil  sample  test,  a  sit/stai.d  console  height  was  considered  to  be  the  most 
practic  al  and  expeditious  position  for  operating  the  analyzer.  The  instrument 
grouping  on  the  control  panel  is  arranged  so  that  all  calibrating  and  system 
test  functions  are  together  on  one  side  and  the  sample  analyzing  functions  on 
the  other.  A  w  riling  surface  the  length  of  the  console  is  provided.  The  area 
in  front  of  the  control  panel  i.s  used  for  recording  sample  data  and  the  area  in 
front  of  the  analytical  gap  ac  ces.s  door  for  preparing  and  storing  samples  for 
analysis  (figure  3-1). 

The  console  is  laid  out  so  that  all  optics,  analytical  and  auxiliary  gaps, 
signal  storage,  and  relay  switching  assembly  are  located  in  the  upper  half  of 
the  console.  The  supporting  equipment,  such  as  electronics,  power  supplies, 
filters,  blowers,  etc.  ,  are  located  m  the  lower  half  of  the  console. 

In  order  to  simplify  installation  and  transportation  problems,  the  console 
need  not  be  removed  from  the  skid.  The  console  has  been  designed  so  that 
all  maintenance  and  operating  procedures  can  be  efficiently  carried  out  with 
the  c  onsole  on  the  skid. 

The  entire  system  is  contained  in  one  console  and  can  be  shipped  in  one 
transit  case  (figure  6-.38).  Size  of  shipping  container:  71  inches  in  height, 
72  inches  in  width,  40  inche.s  in  depth,  maximum  dimension.s. 
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6. 1.4.4  Weight  Budget 


Analytical  and  Auxilialry  Gap  Housing  30.0  pounds 
Optical  Haad  160.0 

Cabinet  150.0 

Power  Supplies  10.  0 

Electronics  12.0 

Line  Filters  25.  0 

Line  Transformer  53.0 

Air  Supply  (Auxiliary  Gap)  81.0 

Blower  10.  0 

Source  Supply  75.0 

Contactors  5. 0 

Oscilloscope  '  9.0 

Cabling  10. 0 

Miscellaneous  •  20. 0 

f 

R^lay  Integrator  Assembly  3.  0 

Console 

Transit  Case  (skid  and  transit  case) 


653  pounds 
340 


I  Total 


993  pounds 


